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PREFACE 
This thesis is written as four experimental chapters (Chapter 2 to 
Chapter 5). Chapter 1 introduces the main aims of the study and Chapter 
6 concludes with the major findings and suggestions for future research. 
Each chapter is independent in that it has its own introduction, methods, 
results, discussion and conclusions. 
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SUMMARY 
This study investigates the energetic investment during lactation in 
the small insectivorous marsupial Antechinus swainsonii, with some 
comparative work and discussion on the closely related A.stuartii. These 
marsupials are found sympatrically throughout south-eastern Australia. 
They lactate for a relatively long period (100 days) during which young are 
carried in a pouch (0-50 days) then deposited in a nest (50-100 days). They 
are polytocous and have litters ranging from & to 10. Males of the species 
show the unique mammalian life-history trait of semelparity and females 
show limited iteroparity. In the course of this study, the lifetime energetic 
investment in reproduction was measured for individual females. There 
was minimal investment both in terms of mass of young at birth and 
measured energy expenditure during gestation. Therefore total 
reproductive energy investment was approximated by the energy invested 
in lactation. 
Energy expenditure during lactation was investigated in females of 
both species ofin the field, using the doubly-labelled water technique. Field 
metabolic rates, water fluxes and daily energy expenditure (DEE) of free-
living Antechinus swainsonii and A.stuartii increased substantially 
through lactation to peak levels prior to weaning. The patterns of DEE for 
individual female A.swainsonii show that peak levels of daily energy 
expenditure (sustainable energy expenditure) are higher than those found 
for other free-living mammals and are well over the predicted maximum 
levels of 4 to 7 times basal metabolism. 
Increased energy demands of lactation are met primarily by increased 
energy intake, but during mid-lactation expenditure of stored body reserves 
may be critical. Formulation of an energy budget for lactating females to 
elucidate the pattern of energy allocation showed that one of the major 
allocations of energy during lactation is to the costs of milk synthesis and 
export. The pattern of energy expenditure during lactation, then, reflects 
the increased milk production of the female. There is no evidence that the 
total energy invested in reproduction of A.swainsonii differs from that of 
captive small eutherians and a free-living eutherian. 
In order to understand the pattern of energy expenditure changes 
through lactation, changes in milk composition (A.swainsonii and 
A.stuartii) and growth of the young (A.swainsonii) were investigated in 
captive and free-living animals. Antechinus show similar dramatic 
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changes in milk composition through lactation to other marsupials . The 
pattern can be summarised as increasing solids and fat concentrations, a 
decrease in carbohydrate concentrations and relatively constant protein 
concentrations. The cross-over point of decreasing carbohydrate and 
increasing fat in the milk coincided.with deposition of young in the nest in 
other polytocous marsupials. This was not the case in A.swainsonii, 
where the cross-over point ocurred 1 to 2 weeks after the young were left in 
the nest. The deposition of young in the nest in A.swainsonii may reflect 
the difficulty small mammals experience in carrying young on foraging 
excursions, which often cover large areas. 
There were quantitative differences in concentrations of milk protein, 
milk solids and carbohydrate between Antechinus and other marsupials 
and these may be related to different nutritional requirements of young, as 
well as maternal body size, diet and duration of lactation. Protein 
concentration was dramatically reduced in milk from captive female 
A.swainsonii compared with milk from free-living females and may have 
been related to differences in diet between the two groups of females, or to 
an increased milk yield in captive females. The growth of young through 
lactation mirrors the pattern of incre~sing energetic investment in milk 
production by the female. 
There was no effect of litter size on the growth of captive and free-
living A.swainsonii young. This trend in captive animals is different to 
that reported for many small eutherians. The proximate factors 
influencing ~aternal investment in young include maternal nutritional 
and energetic status, and the capacity of mammary glands, although 
ultimately, the growth of the young may be controlled by developmental 
processes. 
The relationship between the number of young weaned (weaning 
success) and energy expenditure was investigated in free-living female 
A.swainsonii. The three seasons of the study revealed that females vary 
markedly in seasonal weaning success and lifetime reproductive success. 
Little of this variance is explained by energy expenditure, measured as 
metabolic rates. Females may be working to maximum capacity 
(energetically and physiologically) and several variables, in particular 
those relating to female quality and habitat quality, are likely to influence 
weaned litter size. The extreme energy demands of lactation promote 
behavioural investments such as range sharing, nest fidelity, breeding 
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dispersal and avoidance of local resource competition, which improve the 
survival of the female, and her weaning success. 
The effect of three different environments (at different altitudes) on the 
energetics and the investment in reproduction of A.swainsonii and 
A.stuartii was investigated. Based on climatic data, the three sites were 
characterised as predictable and/or seasonal. Daily energy expenditure of 
A.swainsonii and A.stuartii increased with increasing altitude. This was a 
reflection of both field metabolic rate (Fd.MR) and body mass differences 
between the three sites. The increased energetic cost of living with altitude 
may have been due to increased thermoregulatory and activity costs 
associated with lower ambient temperatures and food resources. Although 
mass specific water flux rates (ml/kg.day) varied substantially between sites 
the daily water intake (ml/day) of animals did not, due to differences in body 
mass between sites. This is probably a reflection of both rainfall patterns 
and dietary differences between sites. In both species, body mass and 
female mortality during lactation tended to be greatest at the mid-altitude 
site and may have been related to the seasonal unpredictability of that 
environment. There was no evidence of females expending more energy in 
young at high altitudes; this may reflect the timing of reproduction. 
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GLOSSARY 
Basal metabolic rate (BMR): the metabolism of a resting, fasting animal 
in its thermoneutral zone. 
Cost of reproduction: in the context of life history theory; the marginal 
increase in adult mortality between timet and timet + 1 caused by the 
decision to commit a certain proportion of available resources to 
reproduction at time t (Stearns 1976). This differs from the empirical 
measure of the energetic costs associated with reproduction. 
Daily energy expenditure (DEE): the energy expended by an animal 
calculated from FdMR, using appropriate conversion factors and 
measured as kJ/day. 
Energetic cost of reproduction, energy allocated to reproduction, energy 
investment in reproduction: an empirical measure of the energy 
expended in reproduction. Usually measured as increase in 
metabolism above non-reproducing levels 
Field metabolic rate (FdMR): a mass-specific measure (ml/g.h-1) of the 
metabolism of a free-living animal, measured by the doubly-labelled 
water technique. 
X 
Iteroparity: repeat reproduction (giving birth several times in a lifetime). 
Lifetime reproductive success: a measure of how well an animal is 
represented in future generations (e.g. the number of grandoffspring). 
Maternal investment: refers to investment measured by the body mass of 
young produced as a proportion of maternal body mass. 
Metabolic scope: the increase in metabolism over levels of standard 
(including resting basal) metabolism. In this study this is reported as 
FdMR/SMR. 
Monotocous: production of a single young in each brood. 
Polytocous: production of more than one young in each brood. 
Reproductive effort: the proportion of resources diverted to reproduction 
summed over the time interval in question (Stearns 1976). This can be 
defined as energy allocated to reproduction/total energy budget (Boyce 
1988). 
Respiratory energy expenditure: the energy expended by an animal in 
metabolism (measured the by doubly-labelled water technique). This 
does not include energy exported as milk. 
Semelparity: the "big bang" reproductive pattern; one brood is produced 
and suicide is committed in the process (Stearns 1976). All male and 
some female Antechinus are semelparous. 
Sustained metabolic rates (SusMR): time-averaged metabolic rates that 
are measured in free-ranging animals, maintaining constant body 
mass over periods long enough that metabolism is fueled by food 
uptake, rather than by transient depletion of energy reserves. 
Sustained metabolic scope is the ratio of SusMR to resting metabolic 
rate (RMR) (Peterson et al. 1990). 
Water fiux rate: mass specific water flux of an animal (ml/kg.day-I). 
Xl 
When animals are in water balance, water efflux= water influx and 
the water flux is indicated as water influx. This rate measure indicates 
the water intake of animals at given body masses as ml/day. 
CHAPfER 1 
Introduction 
One of the distinguishing features of mammals is the pattern of 
parental care, which involves nourishing young with milk. The 
dependency of young on milk varies widely across mammalian species, 
from the precocial young of the guinea pig, which does not need to suckle 
milk, to the extremely altricial young of marsupials which are totally 
dependent on milk for most of growth and differentiation of tissues. Most 
eutherian mammals fall somewhere between these two extremes· 
' 
lactation is an important period of maternal investment, but not as 
important as in marsupials. Another period of maternal investment is 
during gestation, but studies on captive eutherians have shown that 
lactation is generally the most energetically demanding period of 
reproduction. 
Marsupials invest substantially less in young during gestation than 
equivalent eutherians; no litter or individual young in any marsupial 
species weighs more than 1 % of maternal mass at birth (Lee and 
Cockburn 1985). Female marsupials lactate for significantly longer than 
eutherians of equivalent mass, but wean young at similar masses. 
Therefore, for marsupials, the maternal investment in lactation 
approximates the total investment in reproduction. 
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This difference in mode of reproduction is one of the most significant 
between the two groups of mammals and has been the focus of much 
discussion about the relative advantages or disadvantages of the two 
modes. Lee and Cockburn (1985) comment that the debate on the relative 
advantages of 'marsupialness' and 'eutherianness' is sterile, because the 
coexistence of these groups in South America and Australia clearly 
testifies to the evolutionary viability of both. However, the debate persists. 
It has been argued that marsupial reproduction is advantageous where 
resource variability is high, as it enables the female to terminate 
investment at relatively low cost (Hayssen et al. 1985; Low 1978; Parker 
1977). McNab (1980; 1986a; 1986b) suggests that marsupials are 
reproductively disadvantaged because of their low basal metabolism. It 
has also been proposed that the relatively slow growth of marsupial young 
is a consequence of milk being a less efficient means of nutrient transfer 
than placental nutrition and that marsupial reproduction is consequently 
energetically more costly than eutherian reproduction (Lillegraven et al. 
1987; McNab 1978). 
These views have been criticised on the basis of overgeneralisation 
about marsupial characteristics and a lack of appropriate data (Cockburn 
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1990; Cockburn and Johnson 1988; Lee and Cockburn 1985). Many theories 
make assumptions about the energetic cost of reproduction and the 
pattern of energy allocation through reproduction, yet there are few such 
data for marsupials. There is substantially more information on the 
energetic cost of reproduction or lactation in eutherians, but this is 
generally based on captive females and is of disputable value for 
extrapolation to free-living animals. For both groups of mammals there 
are almost no data on energetic investment in reproduction in free-living 
animals. 
Organisms have finite resources of energy and nutrients to be divided 
among reproduction, growth and maintenance (Gadgil and Bossert 1970). 
One of the major trade-offs for an animal is that increasing the allocation 
of energy (or some other limiting resource) to reproduction means that 
fewer resources are available for other functions (Boyce 1988). Investment 
in a current reproductive effort may reduce future fecundity or adult 
survival. This is known as the cost of reproduction (Bell 1980). Energy 
may be a useful currency to measure this reproductive cost (Pianka 1978; 
Steams 1976). Clutton-Brock (1984) urges caution in this approach, 
because important reproductive costs may not be revealed in measures of 
energy expenditure. For example, in bank voles (Clethrionomys 
glareolus) energy expenditure in lactation is substantial, but the major 
costs of reproduction are indirect and are mainly incurred in the 
maintenance and defense of territories (Bujalska 1988). Clearly, a 
pluralistic approach to measurement of reproductive investment is 
required, which includes both behavioural and physiological 
measurements. 
Although reproduction and the high energy demands of lactation in 
free-living mammals often coincide with good environmental conditions 
(increased resource levels and ambient temperatures) the energy 
available for reproduction may be limited. The effects of such energetic 
limitations on reproduction can be examined at the individual and 
population levels. Limitations on the energy expenditure or energy intake 
of individual animals often lead to reduction in the number of young 
weaned. There has been only one study on a free-living mammal 
investigating the relationship between energy expenditure and number of 
young weaned and this showed that where the energetics of an animal are 
restricted, the number of young weaned is dependent on factors such as 
habitat quality and phenotypic differences between females (Kenagy et al. 
1990). 
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In different populations (e.g. in different environments), non-
reproductive energetic costs may vary; for example, differences in 
ambient temperatures result in different energy expenditure in 
thermoregulation. There is evidence for Antechinus that the relative 
investments in reproduction may vary in different environments, as teat 
number and litter size vary macrogeographically (Cockburn et al. 1983). 
The relative levels of available energy (as reflected by the seasonality of the 
environment)arethought to be the most parsimonious explanation of the 
geographic variation in litter size in eutherian mammals (Boyce 1988) and 
for Antechinus (Cockburn et al. 1983). Whether the energetic costs of 
reproduction also vary between habitats is not known. 
The energy budget of an animal broadly includes energy intake and 
energy expenditure, and these can be partitioned further. While energy 
intake is usually in the form of food intake, sometimes supplemented with 
stored energy, energy is expended in maintenance (resting metabolism), 
specific dynamic action (digestion), thermoregulation, locomotor activity, 
growth and reproduction (including lactation). The energy allocated to 
these components may vary seasonally (even daily) and will depend on the 
age and reproductive condition of the animal. The energy expended in 
lactation can be further partitioned into the energy involved in respiratory 
metabolism (including milk synthesis) and the energy exported as milk. 
For lactating mammals, the increased energy demands associated with 
reproduction may be met through a number of strategies. Pinniped seals 
rely completely on energy reserves stored prior to reproduction, some bat 
species compensate by reducing energy expenditure in thermo-regulation 
and maintenance by going into torpor, and many mammals increase 
energy intake. Small mammals have relatively high energy requirements 
for lactation and can only store limited energy as body reserves, so they 
rely primarily on increased food intake to meet the demands of lactation 
(Racey and Speakman 1987). 
Measurements of reproductive investment and parental effort have 
generally related the body mass of young produced to maternal mass 
(Millar 1975; Russell 1982a). Ultimately, however, this only measures the 
endpoint of maternal investment. Particularly for free-living animals, 
weaned body mass of young gives little indication of the energy expended 
in all the activities associated with producing a given body mass of young. 
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"A remarkably positive step" (McNab 1989) has been the development 
of the doubly labelled water technique (Nagy 1983), which allows 
measurement of the energy expenditure of free-ranging animals with 
minimal disturbance to the animals. Based on the decrease in specific 
activity over time of the injected isotopes (tritium or deuterium, and 
18oxygen), the water loss and metabolic rate (CO2 production) of free-living 
animals can be measured and energy expenditure calculated (Lifson and 
McClintock 1966; Nagy 1975; Nagy and Montgomery 1980). The technique 
has been validated on a number of animal species including Antechinus 
swainsonii (Appendix 1, 2) and potential errors have been discussed in 
detail (Nagy 1980; Nagy 1989; Nagy and Costa 1980). Although the 
technique has been used on many species of mammal, there have been 
few longitudinal studies examining seasonal or reproductive effects (Nagy 
1987). 
This study investigates the energetics of reproduction in two species 
of Antechinus. Antechinus is a genus of marsupials (family Dasyuridae) 
known commonly as, 'marsupial mice', a name which does not do justice 
to their bright-eyed, predatory nature. They are primarily insectivorous 
and are widespread throughout Australia. The two species that are the 
subject of this study, A. swainsonii and A. stuartii are sympatric through 
parts of their range in south-eastern Australia and are found in a range 
of woodland habitats from sea level to 1800 m in the Snowy Mountains. 
There are two electrophoretically distinct but morphologically similar 
forms of A.stuartii; this study deals with the 'southern form' (Dickman et 
al. 1988). 
A.stuartii (20-40 g) is the smaller of the two species and is scansorial, 
generally nesting in hollow trees, while A. swainsonii (50-100 g) is 
fossorial and generally nests at ground level in burrows. The two species 
have similar life histories (Lee et al. 1982) but differ in the timing of 
reproduction; at my main study site A.swainsonii breed, give birth and 
wean young 5-6 weeks earlier than A.stuarti (Dickman 1982; Dickman 
1983). Reproduction appears to be timed so that lactation and weaning 
coincide with peak abundances of food (Lee et al. 1977), and many of the 
differences between the two species may reflect differences in peaks of 
preferred prey items (Wainer 1976) although competition between the two 
species also plays a significant role (Dickman 1982; Dickman 1986c). The 
two species also differ in the extent of female semelparity (Cockburn, et al. 
1983; Lee and Cockburn 1985). In this study, female A.stuartii were 
semelparous (with one exception), whereas some female A.swainsonii 
bred successfully in two consecutive years (iteroparity), but never more. 
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Antechinuses are born at an extremely early stage of development, 
and are permanently attached to a teat for the first half oflactation (0-45 
days). Litter size is therefore determined by teat number, which varies 
macro-geographically (Cockburn, et al. 1983). Both species of Antechinus 
have 8 teats at low altitudes, increasing to 10 at high altitudes; this 
variation has been related to seasonality of the environment. Young are 
dropped in a nest around mid-lactation, where they remain until weaning 
(about 100 days). 
Marsupials exhibit a range of characteristics which make them 
useful models for investigating life history strategy (Lee and Cockburn 
1985) and developmental patterns in young mammals (Tyndale-Biscoe and 
Janssens 1988). Members of the genus Antechinus are especially 
appropriate for investigating energetic investment in lactation, for a 
number of reasons: 
i) Reproduction is highly synchronised, so free-living females are all at 
the same stage of lactation. 
ii) Age biases in sampling can be eliminated, as females are easily aged 
on the basis of the condition of their non-reproductive pouch. 
iii) Weaning success of females can be determined by marking young in 
the pouch before they are dropped in the nest. 
iv) The life history trait of semelparity, or limited iteroparity means that 
lifetime energetic investment in reproduction can be measured in 
one or two seasons, without the complication of residual reproductive 
value. 
v) Litter size (which is probably a genetically based trait) varies macro-
geo graphically. 
The majority of detailed work in this study focuses on A.swainsonii, 
but where possible, comparisons are made with A.stuartii, to determine 
whether the trends observed in A.swainsonii have a more general 
application. The unique life history of Antechinus provide an 
opportunity to discuss the physiological and ecological results from this 
study in the wider context of evolutionary biology. A broad aim of the 
study is to compare Antechinus with other marsupials and eutherians, to 
contribute to an understanding of energetic differences between different 
modes of reproduction, and to assess the value of energetic or 
physiological measures in indicating reproductive costs. 
The specific aims of the study reported in this thesis are: 
1. To measure the energy expenditure through lactation in free-living 
females and to elucidate how energy is allocated (Chapter 2). 
2. To determine the strategies female Antechinus use to meet the energy 
demands of lactation (Chapter 2). 
6 
3. To investigate how energy expenditure during lactation is related to 
changes in milk composition, and the growth of the young (Chapter 3). 
4. To find out whether maternal investment, measured by growth of 
young, varies with different litter sizes (Chapter 3). 
5. To relate energy expenditure during reproduction to the number, and 
condition of young weaned and hence reproductive success (Chapter 4). 
6. To relate energy expenditure at varying altitudes to the evolution of 
litter size, and to examine the influence of environment on 
reproduction and weaning success of females (Chapter 5). 
7. To suggest areas for future research (Chapter 6). 
CHAPrER 2 
Energetics of lactation in Antechinus swainsonii and A.stuartii 
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Introduction 
The way an animal expends energy in its natural environment is of 
interest from both an evolutionary and a physiological perspective. The 
amount of energy allocated to reproduction is of particular significance, 
and energy has been suggested as an appropriate currency with which to 
quantify reproductive effort (Calow 1979; Pianka 1976). Elucidating 
patterns of energy allocation in free living animals could therefore be of 
great value in promoting an understanding of reproductive performance 
and effort. However, there are few empirical measurements of energy 
expended during reproduction, and data are limited mainly to studies of 
captive animals, which are of disputable value in extrapolating to free-
living conditions. 
Reproductive effort and investment of mammals in captivity are 
generally based on measurements of energy intake (Genoud and Vogel 
1990; Kaczmarski 1966; McClure 1987) and maternal respiration (Mover et 
al. 1989; Randolph et al. 1977; Schierwater and Klingel 1986; Thompson 
and Nicoll 1986). These studies have shown that of the two major 
components of reproduction (gestation and lactation), lactation represents 
the period of greatest maternal investment in terms of increased energy 
intake or energy expenditure (McClure 1987; Migula 1969; Mover, et al. 
1989; Weiner 1987). The energy demands oflactation may represent the 
highest energy demands in the lifetime of the female. The impact of the 
energetic allocation to reproduction on the total monthly and annual 
energy expenditure for a free-living mammal has been measured in only 
the golden-mantled ground squirrel, Spermophilus saturatus,(Kenagy 
1987; Kenagy et al. 1989a)). In S.saturatus, total reproductive investment 
is 24% above non-reproducing metabolism, and energy expenditure 
during the month of lactation represents a 90% increase over non-
reproducing metabolism (Kenagy, et al. 1989a). Most of this increased 
energy requirement is allocated to milk export. 
Female mammals may employ various strategies to meet the high 
energy demands associated with reproduction. These include energy 
storage as body reserves, increased energy intake and reduction in energy 
expended for activities not associated with reproduction (Racey and 
Speakman 1987). Lactation places a relatively larger energetic demand on 
small than large mammals because the young are a relatively larger 
proportion of maternal mass (Hanwell and Peaker 1977). As small 
mammals can only store a limited amount of energy as body reserves, 
they meet high demands of reproduction primarily by increasing energy 
intake (Glazier 1985; Racey and Speakman 1987). 
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Energetic costs of lactation are accentuated in marsupials, which 
have low maternal investment in gestation, give birth to very small young 
(less than 1 % of maternal mass), and lactate for longer than eutherians of 
equivalent mass (Lee and Cockburn 1985). For example, the marsupial 
insectivore Antechinus swainsonii lactates for five times as long as a 
eutherian insectivore of equivalent body mass (the shrew, Suncus 
murinus; Dryden 1968). These relative temporal (and presumably 
energetic) investments in gestation and lactation represent one of the most 
significant differences between these two groups of mammals. Since the 
development of young is almost entirely sustained by lactation, the 
energetic investment in lactation by marsupials is a good approximation 
of total energetic investment in reproduction. 
A small number of studies have investigated lactation in marsupials. 
Captive marsupials have been shown to increase energy intake (Fleming 
et al. 1981; Loudon 1987) and energy expenditure (Nicoll and Thompson 
1987) during lactation. Lactating females in the didelphid marsupial 
Caluromys philander forage more actively than non-lactating females 
(Atramentowicz 1982). As for eutherians, data on the energy expenditure 
of free-living marsupials is extremely sparse and limited to reports based 
on a small number of females, often sampled at unknown stages of 
lactation. A field study on A.swainsonii (Lee and Nagy pers. comm.; 
Nagy 1987) showed that the field metabolic rates of three females in late 
lactation were 172% of the winter (non-lactating) levels of field 
metabolism. There has been no measurement of either the pattern of 
energy allocation throughout lactation, or the total energetic investment 
in lactation in any free-living marsupial. 
In this study, energy expenditure throughout lactation was 
investigated in two free living species of small marsupial insectivore, 
Antechinus swainsonii and A.stuartii. Energy expenditure and intake of 
lactating A.swainsonii was also investigated in captivity. Antechinus are 
generally semelparous (although female A.swainsonii commonly breed 
for two consecutive seasons), which means that energetic investment in 
reproduction is an unusually good approximation of lifetime reproductive 
cost. This measure is impossible in most short term studies of mammals 
(Clutton-Brock 1984). Furthermore, lactation, and growth of young can be 
investigated in detail from an early stage, because young are accessible in 
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an open pouch. Data from field and captive components of the study can 
be used to compare the strategies female Antechinus use to balance their 
energy budget at different stages through lactation. Possible effects of 
differences in body size, behaviour and foraging patterns on the energetic 
cost of lactation in the two species are also considered. 
Methods 
(i) Field work 
Field work was carried out at a site adjacent to Blundell's Creek 
Road, Brindabella Ranges, Australian Capital Territory (elevation 800m). 
The total site area was 1.5 hectares in open eucalypt woodland dominated 
by Ribbon Gums (Eucalyptus viminalis) with an dense understorey of 
water ferns, Blechnum nudum and leaf litter up to 20 cm deep. Animals 
were trapped in metal traps (Elliott Industries) baited with a mixture of 
peanut-butter, rolled oats and honey. Traps were placed in plastic bags 
and contained ample non-absorbent cotton wool to assist animals to avoid 
hypothermia. Traps were checked at dawn and dusk. Animals were 
identified with a unique ear clip and weighed to nearest 0.1 g using a 
Pesola spring balance. 
Measurement of metabolism of free-living animals 
Field metabolic rate (Fd.MR) and water flux were measured using the 
doubly-labelled water (DLW) technique (Lifson and McClintock 1966; Nagy 
1989; Nagy and Costa 1980; Nagy and Peterson 1988). The principle of the 
technique is that animals are injected with water labelled with the 
isotopes 180 and 3H, which equilibrate with the animals' body water after 
a period of time; 2-3 hours for Antechinus CB.Green pers.comm). Tritium 
is lost as water, while 18 0 is lost both as water and respired CO2. The 
difference in the rate of decrease in specific activity of these isotopes is 
used to calculate CO2 production. This technique has been validated for 
A.swainsonii (Appendix 1) 
A blood sample (75-200 µl) was taken from the suborbital sinus 
immediately upon capture, for measurement of background isotope levels. 
The animal was then injected with 0.1 ml of tritiated water (70 MBq) and 
0.1 ml of H2 18 0 (97% enriched). After the equilibration period, a second 
blood sample was taken and the animal released. Animals were 
retrapped 3-4 days later, weighed and a final blood sample taken. This 
blood sample was generally taken within multiples of 24 hours (±2 hours) 
of the initial sample, to eliminate potential artifacts due to circadian 
variation in metabolism. The maximum turnover time was 72 hours· ,
after this period, the level of 18 0 in the animals was equivalent to 
background, although there were still relatively high (over 1000 x 
background) levels of tritium in the animals. 
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Blood was collected in heparinised microhaematocrit tubes which 
were then flame sealed. To extract the water from the blood, blood 
samples were heat distilled under reduced pressure in Pasteur pipettes. 
Tritium in the distilled water samples (5 µl aliquots in an Aquasol 
cocktail) was assayed by liquid scintillation counting (Beckman liquid 
scintillation counter). The 18 0 content in distilled samples was 
determined by isotope ratio mass spectroscopy; 20 µl aliquots were placed 
in Urey tubes together with a standard charge of CO2 and incubated 
overnight at 80°C. The CO2 charge was removed and analysed (V.G. 
Isogas 903 isotope-ratio mass spectrometer). The calculation of metabolic 
rates and water fluxes followed Nagy's (1980) modifications of the 
equations of Lifson and McClintock (1966), assuming that any changes in 
body mass were linear. Total body water was estimated from the dilution 
of injected tritiated water by comparison with standard dilutions 
(Appendix 3). The percent body water of animals was used as an 
indication of body condition as it is inversely proportional to the percent 
body fat in Antechinus (Appendix 3). 
Assuming a mixed arthropod diet throughout the year (Dickman 
1983) a respiratory quotient value of 0.8 with a resulting thermal 
equivalent of 25 kJ/L CO2 (Kleiber 1961; Nagy 1983) was used to calculate 
daily energy expenditure (DEE) of Antechinus from FdMR 
measurements. Assuming the animals maintained constant mass, 
feeding rates were calculated from DEE and water influx measurements 
of free-living Antechinus. These were based on the dietary composition of 
3.21 ml preformed and 0.51 ml metabolic water per gram dry matter and 
19.8 kJ metabolisable energy per gram dry matter, calculated from results 
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in Nagy et al. (1978) and using the conversion factors of Nagy (1983). 
Radiotelemetry and time budgets 
Time budgets of female A.swainsonii were estimated by following 
their activity continuously for 24-48 hours using radiotelemetry. Animals 
were fitted with radiotransmitters, (150-151 MHz with a 6 cm whip 
antenna), using a nylon cable tie as a collar. Some transmitters were 
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made in the Zoology Department at the Australian National University 
and others were purchased from A VM Radiotelemetry. Since collars 
sometimes slipped ventrally, whip antennae were removed when the 
transmitter was attached to females carrying pouch young. This avoided 
the antennae disturbing the young; reception remained adequate. The 
radiocollar weighed 1.4-1.6 g (<5% body mass of A.swainsonii and <10% 
body mass of A.stuartii ). The location and state (active or stationary) of 
the females were recorded every 0.5-1 hour. Collars were removed when 
the animals were retrapped for blood samples, and were never left on 
animals for longer than 4 days. 
(ii) Captive Work 
Non-reproducing females, pregnant females and females with small 
pouch young (5-7 mm head length) were collected on several occasions 
from Monga State Forest, NSW (700 m). They were kept in cages (35 cm x 
50 cm) under natural photoperiod regime and at constant temperature 
(21 °C). Lactating females (n=12) had litters of between 3 and 8 young. 
During the first half of lactation (0-50 days), Antechinus young are 
permanently attached to the teat. Removal of young at this stage o_ften 
results in mortality of the young. Therefore, during this period females 
were weighed every 2-3 days with young attached. Young are left in a nest 
when they weigh about 0.5-1.0 g and remain there for the second half of 
lactation (50-100 days). During this time, females were weighed every 3 
days (separated from their young). Non-lactating females (n=5) did not 
give birth in captivity and so presumably had not mated. They were 
weighed at the same times as the lactating females. Experiments on 
captiveswere only continued to 80-85 days oflactation. 
Metabolism of captive females 
The metabolic rates and water flux of the two groups of females were 
measured using the doubly-labelled water technique for the duration of 
lactation (13 weeks). Injections, bleeding and isotope analyses were as 
outlined for the field animals except that captive females were injected 
with 0.05 ml H2 18 0. The time between initial and final blood samples was 
3 days, with measurements made at two week intervals. 
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Metabolisable energy intake 
Every two weeks the food intake of the three groups of females was 
measured for a period of 4 days. Females were fed weighed samples of a 
mixture of beef mince, ground dried cat food, ("cat chow", Harper's pet 
Foods), egg, vitamins and CaC03 powder. Each day leftover food and 
faeces were collected and dried. The calorific content of food and faecal 
samples was determined using bomb calorimetry. Bomb calorimetry was 
also used to measure the energy value of urine samples from 10 females. 
This was found to be 0.03 ± 0.01 kJ/ml urine. Females were in water 
balance. Assuming the highest water efflux was equivalent to highest 
urine production (34 ml/day), the maximum daily energy loss through 
urine was 1.02 kJ. This was considered negligible compared with the total 
energy intake and faecal energy losses. Therefore, daily metabolisable 
energy intake (MEI) was calculated as: 
(Total energy ingested - Total energy excreted in faeces)/time in days. 
Energy budgets of captive and free-living female A.swainsonii 
Energy budgets of female A.swainsonii were based on daily measures of 
several variables: 
(a) Storage: the energy value of stored reserves was calculated assuming 
the body mass changes were due to fat (Appendix 3) and the energy value 
of fat is 37 kJ/g (Robbins 1983). 
(b) Respiratory energy expenditure: the energy expended by respiratory 
metabolism was estimated from CO2 production (measured by doubly-
labelled water technique). This includes energy expended in maintenance 
requirements and milk synthesis but excludes the energy exported as 
milk. 
(c) Milk export (Mex): the energy exported as milk at different stages 
of lactation was calculated for individual young with measures of daily 
growth increment, (Gr = g/day), assumed growth efficiency, (GE = g body 
mass/ ml milk, Green et al. 1988)) and the energy content of the milk (Me 
= kJ/ml), as discussed in Chapter 3. The product of this individual 
measure for individual young and litter size (LS) was the total daily milk 
energy export (Mex). 
Mex = LS . ((Gr/GE) . Me) 
This is a measure of the milk energy needed to support growth 
requirements of young and as young also expend energy in activity and 
thermoregulation (particularly in late lactation), it is a minimum 
estimate of milk energy export. 
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(d) Lactation: the respiratory energy expenditure over non-lactating levels 
and including energy expended in milk production and maintenance. 
(e) Milk production: milk production costs are a component of respiratory 
energy expenditure. The conversion of energy intake to milk energy was 
assumed to be 65% (Cork and Dove 1989). Therefore: 
Energy expended for milk production= (Mex /0.65) - Mex 
(f) Maintenance requirements: "maintenance" requirements in this study 
were equivalent to the respiratory energy expenditure of non-lactating 
captive females. 
(g) Free-living: the energy expended in free-living is the difference 
between FdMRs of lactating females (at given stages of lactation and non-
lactation) in captivity and the field. 
Standard Metabolic Rate (SMR) 
The standard metabolic rate (SMR) of A.stuartii (resting and post 
absorptive) has been reported to be 1.53; 1.0; 1.27 and 1.3 ml 02"g/h (Barnett 
1972; Dawson and Hulbert 1970; Macmillen and Nelson 1969; Wallis 1976; 
respectively). These values were averaged. The SMR of A.swainsonii has 
been reported to be 1.55 ml 02"g/h (Gotts 1976). This was averaged with the 
value of SMR/BMR calculated from Dawson and Hulbert's (1970) equation. 
These values were used to calculate metabolic scope. 
Data analysis 
For interpretation of data, the period of lactation was divided into 
three discrete phases. For A.swainsonii, early lactation was defined as 
the period of about 50 days from birth until dropping the young in the nest 
(early August to mid September), late lactation was the period of about 30 
days from when the young are first in the nest, to 2-3 weeks prior to 
weaning (mid September to mid October) and peak lactation was the last 3 
weeks of lactation from mid October to weaning in early November. For 
A.stuartii the corresponding periods are; early lactation (from mid 
September to late October), late lactation (from November to December) 
and peak lactation from early December to weaning at the end of 
December to early January. 
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Some measurements of energy expenditure through the year are 
from the same individuals. These measurements were separated by 
periods ranging from 2 weeks to 2 months and were treated as 
independent in statistical analyses. All data are reported as mean± 
standard deviation (sample size). Comparisons between two groups of 
data were made using either Student's paired or unpaired t-test. 
Comparisons between more than two groups of data were made using 
analysis of variance (ANOV A). Significance at the 95% level was assessed 
using Fisher's PLSD. Where the dependent variable was linearly related 
to a covariate, analysis of covariance (ANCOV A) was used to determine 
effect of particular factors. 
Results 
Field site and free-living animals 
For the three years of this study at the Blundell's creek site, at the 
beginning of lactation 6 or 7 females of each species of Ante chi nus carried 
young, and only 3 or 4 of these survived lactation to wean young. Females 
had 8, 9 or 10 teats. Most teats had young attached, but litters were 
reduced naturally during the last half of lactation (average weaned litter 
size was 4). All females had young and were lactating. Therefore, there 
were no non-lactating females during the lactation season. I initially 
considered removal of pouch young from some females to create non-
lactating controls but this was not feasible because of the small numbers 
of females on the site. Male A.swainsonii caught prior to breeding in 1987 
and maintained in captivity during the breeding season were released 
after all other males at the site had died, as potential non-lactating 
controls but they were never retrapped. Comparisons of body mass, 
metabolism and water flux were therefore made between lactating 
females, and females before and after the lactation season (non-lactating 
females). 
Female A.swainsonii were more easily trapped than A.stuartii, 
mainly because A.stuartii moved over greater areas than A.swainsonii 
(personal observation) and were not always on the trapping grid. 
Therefore, in this study, detailed discussion of individual patterns of 
energy expenditure and budgetting are confined to A.swainsonii. 
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The approximate timing of reproductive events and the mean 
monthly rainfall and mean daily temperatures for Blundell's creek site 
are summarised in Figure 1. At the study site Aswainsonii breed, give 
birth and wean young 7-8 weeks earlier than A.stuartii. In 1987, 
A.swainsonii gave birth around 1 August and A.stuartii around 24 
September. Birth is synchronised for all females of each species,and so all 
individual females were at the same stage of lactation at any one time. 
Pouch young were dropped in a nest about 45-50 (A.swainsonii) and 40-45 
days (A.stuartii) later. Young were first trapped outside the nest 100 days 
after birth (early November for A.swainsonii and early January for 
A.stuartii). At this time females still had milk in their mammary glands 
and were presumed to be still suckling young. However, within a few 
days of first trapping the young, the mammary glands had begun 
regressing. All events were one week earlier in 1988 for both species. 
During lactation there were two cohorts of females; those in their 
first year and those in their second year of breeding. Several female 
A.swainsonii but only one female A.stuartii survived a second year of 
breeding. There were three cohorts of females for a short period in 
November as weaned young appeared in the population. 
Field Metabolic Rate and Water Infl,ux 
During the measurement period of isotope turnover, between initial 
and final blood samples, animals maintained relatively constant mass. 
The mean% mass change per day for A.swainsonii females was -0.31 ± 
3.03 (n=109) and for A.stuartii females was -0.42 ± 3.29 (n=lOO). 
Water influx and efflux rates of A.swainsonii were not significantly 
different (paired t-test, p=0.69) and therefore animals were in water 
balance. The water efflux rates of A.stuartii were higher than the influx 
rates (paired t-test, p=0.008) but the difference was only 2% of water intake 
rates, well within the 10% error predicted for the technique (Appendix 2; 
Nagy and Peterson 1988). Therefore, in this chapter, only water influx 
rates are discussed. 
For both species, the seasonal pattern of Fd.MR and water flux of 
females is similar for three years (Figs. 2, 3, 4, 5). For A.swainsonii 
females, the only significant difference between years was that females in 
1987 had significantly lower FdMR (3.83 ± 0.88 ml CO2 g·1 h"1) during early 
lactation than in 1988 (4.98 ± 1.44 ml CO2 g·1 h"1) and 1986 (5.09 ± 1.26 ml 
CO2 g·1 h-1) (ANOVA,F2,33 = 4.05,p=0.03). Female A.stuartii showed a 
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similar consistency between years. During August (just prior to 
lactation) females had a significantly lower FdMR (FI,ll = 6.89, p=0.015) in 
1986 (2. 72 ± 0. 7 ml CO2 g-I h-I) than in 1988 (6.09 ± 1.0 ml CO2 g-I h-I). 
In both species, FdMR and water flux showed significant variation 
through the year. FdMRs of A.swainsonii females varied between months 
(ANOV A, Fs,96=2.8, p=0.009; Fig.2). The highest FdMRs were for lactating 
females in October (5.42 ± 2.17 ml CO2 g-I h-I). Water fluxes (Fig.3) also 
showed monthly variation (Fs,99=4.9, p=0.0001), and were highest for 
lactating females in October (818 ± 198 ml.kg-I day-I). 
FdMRs of female A.stuartii (Fig. 3) also differed between months 
(F1,4s=3.15, p=0.008). Females had highest FdMRs in May (6.52 ± 0.42 ml 
CO2 g-I h-I) and during lactation in December (6.15 ± 1.05 ml CO2 g-I h-I). 
Water fluxes of female A.stuartii (Fig.4) varied significantly between 
months (Fs,65 =2.53,p=0.02). Lactating females had the highest water 
fluxes during September (649 ± 85 ml.kg-I day-I), October (655 ± 174 ml.kg-I 
day-I) and November (717 ± 234 ml.kg-I day-I). 
There were no significant differences between the first and second 
year of females in either water fluxes or FdMRs at any time. 
Metabolic parameters, body mass and body condition were compared 
(ANOV A) in the three stages of lactation and non-lactation (Table 1). 
There was no significant difference in the body mass (F3,I22 =1.4, p=0.26) 
or body condition (F3,112 =0.8,p=0.47) of femaleA.swainsonii across the 
three periods of lactation and non-lactation. Lactating female A.stuartii 
(at all stages of lactation) were significantly heavier than non-lactating 
females (FI,I08 =90.7, p=0.0001). 
During early lactation female A.stuartii had a lower percentage 
body water (F3,90 =3.29,p=0.02) (and hence were fatter) than at any other 
time. A.swainsonii females had elevated FdMRs during early and peak 
lactation (F3,10I=4.81, p=0.004) while inA.stuartii females, FdMRs were 
higher during peak lactation only (p=0.03). A.swainsonii females had 
increased water flux rates during peak lactation (F3,I04 =6.86 p=0.003), 
while A.stuartii females showed elevated water flux rates throughout 
lactation compared with non-lactating females (F3,72 =4.88, p=0.004). The 
daily energy expenditure (DEE) of lactating A.stuartii females was higher 
during late and peak lactation than non-lactation (F3,53 =5.30, p=0.003) 
whereas the DEE of lactating female A.swainsonii was significantly above 
non-lactating levels only during peak lactation (p=0.001). Both species 
showed the highest metabolic scope during peak lactation (indicated by the 
increase in Fd.MR over SMR). For both species, lactating females 
expended on average 35-39% more energy on a daily basis, than non-
lactating females. 
Average water flux and FdMR measurements for the two species 
were corrected for body mass effects using the coefficients from the 
allometric equations of Nagy and Peterson (1988) and Nagy (1987) 
respectively (Table 1). At all times A.swainsonii showed greater mass 
specific water flux rates and Fd.MRs than A.stuartii . In addition, 
A.swainsonii were consistently heavier than A.stuartii and so whole 
animal measures of energy expenditure and water intake were also 
greater in A.swainsonii. 
Relationship between FdMR and water fiux rate 
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There were differences between the seasonal patterns of water influx 
rates and Fd.MRs in free-living females of the two species and the 
relationship between the two parameters was tested using analysis of 
covariance. 
For A.swainsonii females, there was a linear correlation between 
mass specific water influx and FdMR (CO2 production) (F1,101 =11.0, 
p=0.002), the slope of which was affected by the condition (lactating or non-
lactating) of the females (F1,101 =5.99, p=0.02). The regression equations 
for the two groups of females were: 
Lactating: 
Non-lactating: 
CO2 production (ml g-1 h-1) = 2.16 + 0.003x; 
CO2 production (ml g-1 h-1) = 2.16 + 0.002x, 
where x = water influx rate (ml.kg-1 day -1). Therefore at a given FdMR, 
lactating females have only a slightly higher water flux than non-
lactating females. 
For A.stuartii there was also a linear relationship between the mass 
specific water flux and Fd.MR (F1,75 = 7.23, p=0.009) which was 
independent of whether females were lactating or not lactating. The 
regression equation for both lactating and non-lactating females was: 
CO2 production (ml g-1 h-1) = 3.37 + 0.003x, 
where x = water influx rate (ml kg-1 day -l ). 
Relationship between body mass and FdMR and water intake 
The whole animal rates of CO2 production (ml.day-1) and water flux 
(ml.day-1) were scaled against body mass for the two species and the 
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difference between the two species was tested using 1-factor ANCOVA. 
There was a linear relationship between CO2 production and body mass 
(F1,1s2 =154.9, p=0.0001) but no effect of species on slope (F1,182 =1.4 7, NS) or 
intercept (F1,1s2 =1.89, NS). For both species,the linear regression was: 
CO2 production (ml day·1) = 36.03 + 3.76x 
where (x = body mass in grams). 
The water influx of both species was related to body mass (F1 222 
' 
=14.7, p=0.0002) and the intercept was affected by species (F1,222=25.5, 
p=0.0001). Body mass accounts for about 68 % of the variation in water 
flux values. The equations are as follows: 
A.swainsonii: 
A.stuartii: 
water influx (ml day·1) = 22.29 + 0.268x 
water influx (ml day·1) = 6.807+ 0.268x, 
Thus, for a given mass, female A.swainsonii take in 15.48 ml more water 
than A. stuartii. 
Pattern of energy expenditure during lactation (A.swainsonii) 
Samples were taken frequently enough from four individual female 
A.swainsonii to illustrate individual patterns of daily energy expenditure 
throughout lactation (Fig. 6). Two of these females (#10 and #22) were 
followed through two years (1987 and 1988). Daily energy expenditure was 
115-150 kJ.day·1 in non-lactating females. Three females showed 
increased DE Es d~;ng early lactation, and three out of the four females 
measured during mid-lactation showed reduced DEEs during this period. 
The most striking and consistent feature was a dramatic 2-3 fold increase 
in DEE in the last 20 days oflactation (peak lactation). The average 
maximum energy expenditure for the females was 311 ± 60 kJ.day·1 (n=6), 
a rate around lOxBMR. Maximum energy expenditure varied between 
individuals and between years. 
Integration under the curves gave an estimate of the total amount of 
energy expended during the year. Assuming a relatively constant rate of 
non-lactating metabolism through the year, the amount of energy 
specifically expended for lactation was estimated (Table 2). The annual 
energy expenditure of a reproductive female is about 55 MJ and 35% (20 
MJ) of this is expended during the 100 day lactation period. However, only 
about 10% (5.8 MJ) of the total annual energy expenditure is expended 
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specifically for lactation metabolism. Sample sizes were too small to test 
for a significant trend between age and energy investment in lactation. 
Activity (A.swainsonii) 
During most of the year females were active for between 50% and 70% 
of the day. There was a dramatic reduction in activity in early September 
(Fig.7). This is when young are left in the nest and total foraging range is 
reduced (Chapter 4). Females were most active during late lactation 
(October) and weaning (November) but these activity levels were not much 
higher than in the non lactating months (May to August). A.swainsonii 
females may be active at any time of the day, but generally tend to be 
diurnal with peaks in activity at dawn and in late afternoon. The DEE 
was not significantly correlated with the activity patterns of females 
(linear regression, F1,122 =2.l,p=0.16) although, the reduction in activity 
during mid-lactation coincided with a reduction in DEEs in three out of 
four females. 
Feeding rates of free-living A.swainsonii and A.stuartii 
Relative to body mass, lactating females of both species showed a 
significant increase in food consumption during peak lactation, whereas 
earlier in lactation there was little increase in feeding rates of non-
lactating females (Table 3). For A.stuartii, the mean feeding rates 
estimated from water flux and FdMR were not significantly different. For 
A.swainsonii females, mean feeding rates estimated from water flux 
measurements were an average of 22% higher than those estimated from 
FdMR (paired t-test, t=ll.8, p=0.007). 
Seasonal body mass changes 
(i) A.swainsonii (Figs. Ba,b) 
In 1987, second year female A.swainsonii were heavier than first 
year females (Student's t-test, p=0.005) in the non-reproductive season. By 
the time young were born (August) the two cohorts of females had similar 
body masses. In 1988 first year females were significantly lighter (by 
28%) than older females until September (Student's t-test, t=4.8, p= 0.0001) 
when their young were left in the nest. After this period most of the young 
females disappeared from the site and presumably died. 
Twelve out of fourteen animals monitored regularly throughout early 
lactation (over the three years) showed increases in body mass from early 
lactation to mid-lactation (just prior to dropping young in a nest). The 
average body mass increase of females, excluding the estimated body 
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mass of the young was 7.6 ± 3.2 g (n=12), which represented 14.0 ± 5.4% of 
body mass at initiation of lactation. The mass of the young was estimated 
from captive growth data (see Chapter 3). There was a corresponding 
trend for percent body water to decrease (from 80.5 ± 4.3 to 7 4.2 ± 5.1), 
which implied the mass increase was due to fat deposition, but this was 
not a statistically significant change. After the young were dropped in the 
nest there was an initial decrease in mass of 7.2 ± 4.2 g (n=7) which 
represented 10 ± 5.5% of the weight prior to dropping the young. Of ten 
animals monitored in late lactation after the initial weight decrease, six 
increased their weight, three maintained weight and one continued to lose 
weight. 
(ii) A.stuartii (Figs.9a,b) 
Both cohorts of females increased their body mass during the year. 
During early lactation, females increased body mass and then lost body 
mass around mid-lactation, but this can be accounted for by the mass 
increase of young then deposition of the young in the nest. First year 
females consistently put on body mass through the year. There is a small 
decline in body mass in the last stages of lactation which may be due to the 
regression of the mammary gland and reduction in mass of gland and 
milk. Both cohorts of females were heavier at the end oflactation (1987, 21 
± 0.9 g; 1988, 24.3 ± 1.8 g) than at the initiation oflactation (1987,17.4 ± 1.4 
g; 1988, 20.4 ± 0.7 g). 
Female A.swainsonii in captivity 
a) Metabolic rate and Water fiux 
The captive work was limited by mortality of females and young in 
late lactation. During early lactation the active metabolic rates of females 
(AMR, a captive measure equivalent to the Fd.MR of free-living females) 
were similar to those of non lactating females but increased significantly 
in the last half of lactation (Table 4). Water fluxes of lactating females 
during both stages of lactation were higher than those of non-lactating 
females. 
The effect of free-living can be assessed as the difference in 
metabolism/ water flux between captive and free-living females. Captive 
lactating females and non-lactating females had active metabolic rates on 
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average 20% and 44% lower respectively than free-living lactating and non 
lactating females. Captive females had lower average water fluxes than 
free-living females by 90% and 110% for the lactating and non lactating 
females respectively. 
The effect of lactation can be assessed as the increase in metabolism 
and water flux of lactating females over non-lactating females ( both 
free-living and in captivity). · The increase in metabolic rates of 
lactating females over non lactating female levels is higher in the captive 
females than in the free-living females (41 % and 26% respectively). 
Captive females also show a greater increase in water flux rates over 
non-lactating levels than free-living females (40% and 20% respectively). 
b) Metabolisable Energy Intake 
Metabolisable energy intake (MEI) of lactating females was 
significantly higher than in non-lactating females during both early and 
late lactation (Fig.10), but not in mid lactation (45-50 days). In late 
lactation, MEI of females was more than double non-lactating levels 
(Table 4). 
c) Body Mass 
All lactating females (n= 12) significantly increased their body 
masses during the first half of lactation (Fig.11). The average increase 
(excluding the weights of the growing pouch young) was 40.3 ± 11.34 g, 
which represented 88 ± 35% of their initial body masses. After mid-
lactation (50 days) females showed a consistent mass decrease (17.2 ± 
9.8 g). 
Non-lactating females also showed an increase in body mass, but this 
was within the first 10 days of captivity, after which their weights 
remained fairly constant (56.4 ± 4.3 g n=5). 
Discussion 
Metabolically, lactation is the most significant event in the life of an 
Antechinus female. Average FdMRs and water fluxes for non-
reproducing Antechinus females in this study are comparable to those of 
small eutherians, other dasyurids (Table 5) and 'eutherian ecological 
equivalents ' (shrews; Genoud 1985). FdMRs of female Antechinus 
measured during peak lactation are among the highest reported for any 
free-living animal, although this may simply reflect of lack of appropriate 
22 
comparative data on the FdMR or water fluxes of free-living animals 
during lactation (Table 6). Most field studies have more or less randomly 
sampled lactating females at an unknown stage of lactation, or during 
energetically less demanding phases of lactation (early and mid lactation, 
Green and Eberhard 1983; Green et al. 1989; Smith et al. 1982). A single 
detailed field study showed that energy allocated to lactation is a 
substantial proportion of the daily and annual energy expenditure of a 
free-living mammal although the peak metabolic rate was 3.7xBMR 
(Kenagy et al. 1990; Kenagy et al. 1989b ). 
Increases in FdMR and water flux in Antechinus during the period 
of lactation could be attributed to changes in environment or behaviour 
with no relation to lactation. This is unlikely, for two reasons. Firstly, 
two of the factors which increase metabolism, thermoregulation and 
activity (Karasov 1981; Kenagy, et al. 1989a; Kurta et al. 1989) do not 
explain the increase in FdMR during lactation. Elevated FdMR and water 
flux occur when ambient temperature is increasing, so thermoregulatory 
costs are presumably reduced. Activity levels are not directly related to 
energy expenditure. 
Second, the high metabolic demands of lactation are emphasised by 
differences between lactating and non-lactating females in captivity where 
environmental and activity factors can be discounted. The remainder of 
this discussion will assume, therefore, that the increased FdMR ocurring 
during the time of lactation is exclusively the direct and indirect result of 
lactation. 
For A.stuartii, autumn (May/June) is the only time of comparable 
energy demands. Elevated FdMRs at this time may be due to changing 
behaviour of females during nest site and home range establishment 
(Braithwaite 1974; Lee and Cockburn 1985), and can be regarded as a form 
of reproductive investment. Both during lactation and non-lactation 
A.stuartii had lower mass corrected metabolic rates than A.swainsonii. 
This may be a reflection of differences in diet and behaviour (Dickman 
1983). 
Pattern of energy allocation to reproduction (A.swainsonii) 
The energy expenditure of individual female A.swainsonii 
throughout the year shows a clear pattern with two notable features; 
generally low levels of energy expenditure through gestation and early 
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lactation, and a dramatic peak in energy expenditure in the final stages of 
lactation. 
Mammals generally show a pattern of gradual investment in 
reproduction. Food intake (Loudon 1987; McClure 1987; Randolph, et al. 
1977; Weiner 1987) and maternal metabolism (Mover et al. 1989; Nicoll and 
Thompson 1987; Racey and Speak.man 1987; Weiner 1987) are elevated 
slightly during gestation, increase during lactation, and reach highest 
levels prior to weaning. This pattern is exaggerated in Antechinus, 
where there was no evidence of energetic investment (either elevated 
FdMR or DEE) during gestation and a relatively small energy investment 
in early lactation. Over 60% of the total energy invested by Antechinus in 
reproduction (measured by DLW technique) is in the last 25% of lactation 
(Fig. 12). 
The much longer period of minimal energetic investment in early 
marsupial reproduction compared with that of eutherians has been 
suggested to be adaptive in uncertain environments because it allows 
marsupial mothers to terminate parental investment with relatively little 
cost (Hayssen et al. 1985; Low 1978; Parker 1977). Lee and Cockburn (1985) 
point out that this greatly over emphasises the frequency with which 
marsupials terminate parental investment and abandon young, a . strategy 
which is certainly not prevalent in small carnivorous marsupials such as 
Antechinus. The pattern of energy allocation through reproduction in 
Antechinus is qualitatively similar to that shown for two small 
insectivorous eutherians (Echinops telifairi and E.rufescens ) and another 
marsupial (Monodelphis domestica; Nicoll and Thompson 1987; 
Thompson and Nicoll 1986). Based on measurements of maternal basal 
metabolism, all three species expended less than 50% of the total energy 
allocated to reproduction in the first 75% of time from conception to 
weaning and deferred over 29% of their energy expenditure until the last 
15% of conception-to-weaning time. Low initial investment in 
reproduction is thus not a unique characteristic of marsupials but is 
shared by eutherians with low basal rates of metabolism (Thompson and 
Nicoll 1986). 
During peak phase lactation, female Antechinus may be expending 
energy on a daily basis at a rate 2 to 3 times higher than when they are not 
lactating and on average at 10 times basal metabolic rate. These 
measures of energy expenditure are daily averages and there must be 
short periods during the day when females exceed this average rate of 
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energy expenditure (eg. during periods of activity, or milk production 
while suckling young). However, the daily energy expenditure can be 
regarded as a sustainable metabolic rate (sensu Peterson et al. 1990). This 
sustained metabolism is not only higher than that reported for any other 
free-living bird or mammal, but much higher than predicted "maximal 
working capacities" of animals (4xBMR, Drent and Daan 1980; 7xBMR, 
Peterson et al. 1990). 4xBMR is exceeded in about 20% of observations and 
50% of species/studies (Bryant 1989), but Antechinus is exceptional in 
exceeding 7xBMR also. Peterson et al. (1990) predicted that lactating 
animals should have extremely high sustainable energy expenditure 
which may exceed the metabolic ceiling levels of non-reproductive 
animals, but no data on lactating animals were available. This study of 
Antechinus supports this prediction. There is potential for error in scope 
estimates, but even if the BMR estimate of A.swainsonii is a 50% 
underestimate, the metabolic scope is still extremely high (6.9xBMR). 
Among the five highest maximum sustained metabolic rates 
reported in mammals are two other marsupials (S.crassicaudata, 
6.9xBMR and Gymnobelideus leadbeateri, 5.8xBMR; Peterson et al. 1990). 
A positive relationship between the BMR and rate of development and 
fecundity has been suggested in numerous studies (Glazier 1985; 
Henneman 1983; McNab 1980; McNab 1983; McNab 1986a). As marsupials 
generally have lower BMRs than eutherians, McNab (1980; 1986a; 1986b) 
proposed that marsupials are limited in their reproductive potential. The 
high metabolic scope of Antechinus, and the absence of any strong 
correlation between BMR and reproductive rate in marsupials (Nicoll and 
Thompson 1987; Thompson and Nicoll 1986) suggest that this is unlikely. 
There is evidence that the metabolic scope of marsupials is greater than 
eutherians with respect to thermoregulation (8 to 9xBMR, Dawson 1989; 
Dawson and Dawson 1982) and activity (Baudinette 1982), and marsupials 
have been shown to have potentially greater cardiac output capability and 
higher aerobic capacity than eutherians (Dawson 1989). It is tempting to 
speculate that female marsupials are able to increase their metabolic rate 
during reproduction substantially more than a comparable eutherian. 
This, of course, begs the question of why marsupials grow relatively 
slower than eutherian young. 
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Lactational Strategy of Antechinus 
The energy metabolism of a...'1 animal, either free-living or captive, 
can be viewed in terms of an energy budget which must be balanced to 
ensure survival. The daily energy expenditure of an animal includes 
energy expended in maintenance metabolism (M), digestion or specific 
dynamic action (SDA), activity (A), thermoregulation (T), and growth (G). 
For lactating females there is an additional component of energy 
expenditure, lactation (L), which includes energy expended in increases 
in maternal metabolism, milk synthesis and any foraging and digestion 
associated with milk production. Daily energy expenditure measured by 
the doubly-labelled water includes all the energy expenditure in 
respiratory metabolism (those components discussed above) but excludes 
the chemical potential energy exported as milk (Mex). These energy 
outlays are balanced mainly by metabolisable energy intake (I) in the form 
of food. If an animal stores energy as body reserves, then storage (S) will 
be a component of energy expenditure; if an animal expends this stored 
energy then (S) will be a component supplementing energy intake. 
Therefore the total energy budget of a lactating female can be written 
simply as 
I+ S = (M + SDA +A+ T + G)NL +( L + Mexf, 
where the non-lactating and lactating components are indicated as NL 
and L. 
To fuel increased energy requirements, lactating eutherians 
generally adopt one of two main strategies, or a combination of both 
(Sadlier 1984). They either increase stored body reserves prior to lactation, 
or they increase energy intake during lactation. There are a number of 
patterns based on these strategies, ranging from complete reliance on 
stored energy, pinnipeds, (Fedak and Anderson 1982) to almost exclusive 
reliance on ingested energy (Peromyscus leucopus, Millar and Innes 
1985). The few data available on maternal requirements or lactational 
strategies of female marsupials indicates that similarly to eutherians, 
increased food intake is important for meeting energy demands of 
lactation; captive bandicoots (Isoodon macrourus) increase food intake 
during lactation CJ.Merchant, unpubl. data), female Bennett's wallabies 
(Macropus rufogriseus rufogriseus) increase feeding rate and duration of 
feeding in late lactation (Clarke and Loudon 1985) and lactating female 
didelphids,(Caluromys philander), forage longer than non-lactating 
females (Atramentowicz 1982). 
26 
Energy demands are most acute for small mammals like 
Antechinus as they generally commit relatively more to reproduction, 
because their offspring are a greater proportion of maternal body mass 
than those of large mammals (Millar 1977; Sadlier 1984). The maximum 
amount of stored fat is generally limited to a few day's supply in small 
mammals (Kenagy, et al. 1989b; Kurta et al. 1989 ; Racey and Speakman 
1987) which therefore tend to rely on increased ingestion, possibly with a 
small amount of storage to buffer catastrophic changes in food supply 
(Racey and Speakman 1987). 
The increased foraging time in free-living Antechinus females 
during late lactation, and the substantial increase in food intake in captive 
females confirms that increased energy intake is an important tactic for 
Antechinus females to balance the energy budget. In late lactation, the 
MEI of lactating Antechinus was 120% over non-lactating levels, which is 
comparable to the peak increase in total energy intake of shrews 
(Crocidura spp., Genoud and Vogel 1990). The average energy intake for 
captive females (weighing 84 g) in late lactation (278 kJ) is comparable to 
maximum metabolisable intakes of 283 kJ day·1 predicted by the allometric 
regression of Kirkwood (Kirkwood 1983). 
During the period of low energy demands in early lactation, female 
Antechinus may be able to store energy as fat. Captive lactating female 
A.swainsonii increased body mass between parturition and mid-lactation, 
due partly to fat deposition (Appendix 3). These weight changes were also 
seen (but to a lesser degree) in the field animals. This body mass increase 
was not clearly associated with either an increase in foraging time (in 
field animals) or an increase in food intake (in captive animals). 
Therefore it may be associated with a reduction in maintenance 
metabolism, perhaps mediated by hormonal changes. Similarly, the 
depression in MEI during mid lactation, after which body mass declines, 
might be controlled hormonally, as hormonal changes have been shown to 
affect appetite in other mammals during reproduction (Forbes 1987). This 
is speculative, but a similar pattern of maternal body mass changes 
during lactation occurs in captive bandicoots, Isoodon macrourus 
CJ.Merchant, pers. comm),and further study in the area may be 
worthwhile. 
Although the pattern of mass change in the captive females may be 
extreme, due to the conditions of ad libitum food and reduced activity, it 
indicates a potential for energy storage that may be significant for free-
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living females. In the field, mid-lactation is a time of reduced activity and 
foraging range (see Chapter 4) as the young are left in the nest and the 
female remains with them for extended periods. This may be necessary 
for the development of the young as they adjust from continuous to 
intermittent suckling and to the intermittent absence of maternal body 
warmth (Chapter 3). Since females are reducing their activity and 
foraging range at a time when food is not abundant (Dickman 1983), 
expenditure of stored reserves may be critical to survival, a possibility 
which is supported by the transient loss in body mass of females at this 
time. However, stored reserves are limited and variable, so although 
energy reserves may be an important supplement in mid-lactation, peak 
lactation demands are met primarily by increased food intake. 
Because increased food intake during lactation is important, patterns 
of food availability will influence reproduction. For A.swainsonii and 
A.stuartii at Blundell's Creek, peak lactation coincides with an increase 
in available food (Dickman 1983). The seasonal differences in weaning 
times between A.swainsonii and A.stuartii may be related to dietary 
preferences for insects that peak at different times (Wainer 1976). 
During reproduction a female may reduce the energy expended in 
some component of the energy budget to compensate for increased energy 
expenditure in reproduction, although this is not typical of small 
mammals (Racey and Speakman 1987). Again, the timing of reproduction 
will be important as peak lactation is associated with warmer, drier 
climatic conditions, which reduce the need for thermoregulatory energy 
expenditure. During mid-lactation, the reduction in activity may serve to 
minimise total energy expenditure when energy demands due to growth 
of young are increasing (see Chapter 3). Torpor is a strategy for 
minimising energy demands during lactation in some species of bats 
(Racey and Speakman 1987). Torpor has not be observed in lactating 
Antechinus, although they are capable of entering torpor in other periods 
(Geiser 1988). It is known to what extent reduction in activity oflactating 
A.swainsonii may compensate for increased energy demands of lactation. 
Quantification of energy budgets of female A.swainsonii 
The relative allocation of energy expenditure in various activities 
through lactation was assessed by formulating an energy budget (Fig. 13). 
The energy budget of captive females illustrates that females balance the 
energy expenditure in lactation primarily with increased food intake, and 
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reiterates that stored energy is a relatively small component of the energy 
budget. The energy in storage which was invested during early lactation 
and expended during late lactation only comprises 18% and 12% 
respectively of the total intake. The energy required for milk synthesis 
and milk export represents 5.6% and 51 % of the average daily energy 
intake in early and late lactation respectively (Fig.13). Of the total energy 
intake for lactation (above non-lactating levels), 83% was involved in milk 
production and milk export while 17% was for respiratory metabolism. 
In free-living animals, the relative contribution that energy budget 
components (growth, thermoregulation, activity, maintenance, 
reproduction) make to the total energy budget will vary seasonally, daily 
(Kenagy, et al. 1989a) and at different stages during lactation (Fig. 14). 
The metabolism of the non-lactating captive females can be regarded as 
minimum daily energy expenditure level for non-reproducing females, 
and it includes expenditure in maintenance plus energy expenditure in 
digestion, activity and thermoregulation. Comparison of the energy 
expenditure of free-living and captive females illustrates the relative 
energetic costs associated with free-living, while comparison of the 
metabolism of lactating and non-lactating females gives aI1 estimate of the 
energetic costs of lactation. As lactation progresses the amounts of energy 
expended in respiratory metabolism and exported as milk increase. 
Therefore the energy required for synthesis and export of milk is the 
major energetic cost to free-living and captive lactating females (see also 
Kenagy et al. 1989a) especially at peak lactation when the growth and 
energy requirements of the young are maximal (Chapter 3). 
In peak lactation the total cost oflactation accounts for 66% of the 
energy intake of a free-living female whereas the cost of free-living is only 
about 8% of the total energy intake. The cost of living is reduced through 
lactation and illustrates quantitatively how the timing of lactation with 
increased food availability and ambient temperatures may result in 
reduced energy expenditure in thermoregulation and activity. The energy 
allocated to lactation is a major component of the energy budget of a 
lactating free-living female. In contrast, the largest proportion of the 
daily energy budget (66%) of a lactating female bat (Myotis lucifugus) is 
allocated to foraging flight (Kurta et al. 1989). 
To support the energy expenditure during peak lactation, a female 
must have an energy intake of 280 kJ per day, which is above the predicted 
maximum limit to metabolisable energy intake for a 60 g mammal (225 kJ 
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day-1 (Kirkwood 1983) or the equivalent measure of 8.4xBMR for a 
marsupial (Nagy et al. 1988). This may represent the maximum limits of 
food intake for free-living Antechinus. This average peak lactation energy 
intake corresponds to a feeding rate of about 59 g fresh wt. day-1 (100% 
maternal mass). This is 20% higher than the feeding rate estimated from 
energy expended in respiratory metabolism, but comparable to that 
estimated from water intake (Table 3). This illustrates that for animals 
which are exporting energy as milk, water intakes may provide a more 
accurate estimate of feeding rates than energy expenditure. 
There is a component of respiratory energy expenditure of lactating 
females not explained by the energy allocated to milk synthesis. This may 
be increased thermoregulatory costs (keeping the young warm prior to 
development of homeothermy), or increasing maintenance requirements 
of the female. Tompson and Nicoll (Nicoll and Thompson 1987; Thompson 
and Nicoll 1986) found that there was a considerable (11 %-52%) increase in 
basal metabolic rates of female marsupials during reproduction. Withers 
(Withers 1985) found a small but significant increase (10%) in the 
minimum metabolism of A.stuartii during late lactation but Geiser (1988) 
found little change in resting or minimum metabolism of A.stuartii and 
A.fiavipes during lactation. However, the latter two studies may not have 
measured metabolism during peak lactation and there have been no 
studies on A.swainsonii. If lactating female A.swainsonii increased their 
resting metabolism through lactation to a maximum at peak lactation of 
double that of non-lactating levels (a comparable increase to that reported 
by Thompson and Nicoll), this would account for a substantial portion of 
the 34 kJ and 57 kJ not associated with milk production in the energy 
budgets of free-living and captive females respectively. 
Assuming similar milk production, the average reproductive effort 
(energy allocated to reproduction/total energy expenditure during 
reproductive period) for A.swainsonii is 0.35 and 0.29 and for free-living 
and captive females respectively. Therefore, reproduction is relatively 
more expensive for a free-living than a captive female. 
Semelparity and energetic investment in lactation 
Maximising reproductive success generally involves trade-offs 
between current reproductive effort and future reproductive potential 
(Clutton-Brock 1988) and energy may be the currency upon which this 
trade-off is based (Pianka 1976). Therefore, theory predicts that 
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semelparous females should invest more in a given reproductive attempt 
than iteroparous females. This is not supported by results from this study 
for three main reasons: a) there is no evidence that semelparous 
A.stuartii expend energy at a faster rate than iteroparous A.swainsonii; 
b) A.stuartii do not show a greater increase in lactating metabolism than 
A.swainsonii over non-lactating levels and 
c) A.stuartii have a similar metabolic scope to A.swainsonii. It is possible 
that peak energy expenditure was missed for A.stuartii, but this is 
unlikely over the three years of sampling. 
Although the cost of lactation in energetic terms was similar in the 
two species, the effect of the increased energetic burden of lactation may be 
quite different. There is evidence that the two species compete and that 
A.stuartii is excluded from terrestrial food sources by A.swainsonii 
(Dickman 1986c). Meeting the increased energy demands of lactation may 
be more costly for A.stuartii, but this cost may not be measured by energy 
expenditure. 
The was no clear relationship between breeding strategy and energy 
expenditure in individual A.swainsonii. Neither metabolism (FdMR and 
water flux), nor DEE differed between females in their first and second 
year of breeding. Contrary to life history predictions, semelparous 
females invested less energy in reproduction than iteroparous females in 
their first year. However, the two iteroparous females followed over two 
years expended more energy in reproduction in their second (and final) 
reproductive season than their first reproduction. The differences in 
energy allocation to reproduction between individuals in the population 
may be a reflection of phenotype, genotype of the female or home range 
quality (Chapter 4) which can mask evolutionary trends (Clutton-Brock 
1988). Therefore, at both species and individual levels, there are probably 
reproductive costs that may not be measured by energy alone (Bujalska 
1988). 
It is possible that the extreme metabolic intensity during peak 
lactation observed in both species of Antechinus is a characteristic of an 
animal with a limited breeding potential pushing itself to its metabolic 
and physiological limits. Although energy balance is maintained 
(females end lactation at a similar or higher body mass than at 
commencement), the physiological stress and or exhaustion of specific 
nutrients may reduce body condition and contribute to a high reproductive 
cost in terms of reduced survival. 
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Energetic investment in lactation; marsupials and eutherians compared 
It has been suggested that reproduction is more energetically costly 
for marsupials than eutherians. McNab (1978) speculated that milk is a 
less efficient means of transferring nutrients to the young than placental 
nutrition. Although no detailed information is available on the relative 
efficiencies of placental and lactational nutrition, the overall energy 
requirements of reproduction have been shown to be similar in one 
marsupial and two eutherians (Cork and Dove 1989). 
There are two major problems with comparative analyses. First, 
there are often no available data on 'ecologically equivalent' marsupials 
and eutherians, and as food habits are one of the many influences on 
energetics of mammals (McNab 1986a,1986b) this should be considered. 
Second, there have been many different methods that have been used to 
measures of reproductive investment in young. In this study, the 
measurements of reproductive investment by A.swainsonii were 
compared with estimates of reproductive investment in small eutherians 
and particularly the shrews (ecological equivalent of Antechinus) using 
similar methodology. 
The total MEI by a captive female A.swainsonii for lactation 
represents 45% increase on the requirements of a non-lactating females. 
This is comparable to shrews (34-49%, Crocidura spp., Genoud and Vogel 
1990), but lower than the relative increases found during lactation in a 
range of captive small rodents (65% to 130%, McClure 1987). This appears 
to be a consequence of the substantially shorter lactation periods of the 
rodents (12-21 % of the period for Antechinus). If the total reproductive 
investment of these rodents is equated with lactation of Antechinus, total 
investment over non-reproductive levels (38-48%) is comparable. 
Based on the increase in respiratory energy metabolism, the cost of 
producing each (of 6 ) A.swainsonii young in captivity was about 310 kJ 
which is slightly less than other marsupial young (412-448 kJ, Thompson 
and Nicoll 1986) and young of the rodents Sigmodon hispidus, (469 kJ, 
Randolph, et al. 1977) and much 'cheaper' than young of the small 
eutherian insectivores Elephantulus rufescens (946 kJ) and Echinops 
telfairi (642 kJ, Thompson and Nicoll 1986). Based on total metabolisable 
energy intake for lactation, the investment in each young of Antechinus 
was 660 kJ, which is intermediate in the cost for the small rodents 
Neotoma and Sigmodon (McClure 1987). 
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The metabolisable energy intake required to fuel reproduction has 
been calculated from lactation curves (Dove and Cork 1989) for cattle, 
sheep and the marsupial M.eugenii (Cork and Dove 1989) and more 
recently for another marsupial Isoodon macrourus (S.Cork, pers.comm). 
Although these mammals differ in the timing of peak lactation all show a 
similar energy requirement of around 21 MJ of MEI per kg of maternal 
mass for production of a relatively similar mass of young. For 
Antechinus the estimated total metabolisable energy intake for milk 
production (above what was required for respiratory metabolism) was 67 
MJ/Kg. Based on food-energy intake data Cork and Dove (1989) found that 
very small omnivorous rodents have considerably higher reproductive 
energy requirements in relation to body mass (data from Mattingly and 
McClure,1982). The high value for these small mammals (including 
Antechinus) may simply be that they produce relatively larger masses of 
young. For example, M.eugenii young are weaned at 30% maternal 
mass, while in this study captive A.swainsonii were weaned at 1 70% 
maternal mass. Only further data from a range of animals will resolve 
what are general allometric patterns or characteristics of a species. 
There is only one field study for comparison with this one, that on the 
ground squirrel, Spermophilus saturatus (Kenagy et al. 1989a). This 
study showed that to produce an average sized litter (2. 7 young), a free-
living female S.saturatus required a total increase of 24% (8 MJ) above 
annual non reproductive metabolism. This is comparable to the 17% (8.2 
MJ) increase needed to produce 4 young for a free-living female 
A.swainsonii. This incremental energy expenditure included the energy 
allocated to respiratory metabolism and exported milk. 
Antechinus lactate for approximately five times longer than 
eutherians of equivalent mass and the total temporal investment in 
reproduction is longer than in equivalent eutherians. Despite the large 
energetic investment during peak lactation in Antechinus, the pattern of 
very low initial investment means the total energetic cost or energetic 
investment is comparable between eutherians and marsupials. Because 
of the relative lengths of lactation and indeed the total time for 
reproduction, the average daily cost of lactation may be less than in a 
eutherian. However, as Nicoll and Thompson (Nicoll and Thompson 1987) 
stated: "marsupials get what they pay for". On a specific day after 
conception, marsupial investment may be less, but a eutherian of 
equivalent body mass is much closer to completing reproduction. This 
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highlights a major disadvantage of the marsupial mode of reproduction: 
the long time it takes to wean a litter of young, possibly as a result of the 
unique developmental patterns of marsupials (Chapter 3, Lee and 
Cockburn 1985). 
Conclusions 
Field metabolic rates, water fluxes and daily energy expenditure of 
free-living Antechinus swainsonii and A.stuartii increase substantially 
through lactation to peak levels prior to weaning. Lactation appears to be 
the most significant 'season' in the year for these animals. The patterns 
of DEE for individual female A.swainsonii show that peak levels of daily 
energy expenditure (sustainable energy expenditure) are higher than 
those found for other free-living mammals and exceed theoretically 
predicted maximum levels. These increased energy demands of lactation 
are met primarily by increased energy intake but during mid-lactation 
expenditure of stored body reserves may be critical. One of the major 
allocations of energy during lactation is to milk synthesis. The pattern of 
energy expenditure during lactation, then, reflects the increased milk 
production of the female which, in turn is related to growth requirements 
of the young. There is no evidence that the energetic investment in 
lactation for A.swainsonii is any higher or lower than that of captive 
or free-living small eutherians. 
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Figure 1: Annual means for minimum temperature, maximum 
temperature and rainfall for Brindabella Ranges, ACT. The 
breeding cycle of A.swainsonii and A.stuartii is illustrated on 
the same time scale. 
Figure 2: Seasonal pattern of water influx (ml.kg-1.day-1) for free-living 
A.swainsonii females in 1986 (solid line, open squares), 1987 
(dashed line, open circles) and 1988 (dotted line, open squares). 
The period of lactation is indicated. All values are expressed as 
means± SD. Sample size ranged from 3 to 7 for different 
sampling times; samples of less than 3 are shown. 
Figure 3: Seasonal pattern of field metabolic rates (Fd.MR) measured by 
CO2 production (ml.g-1.h-1) for free-living A.swainsonii 
females in 1986 (solid line, open squares), 1987 (dashed line, 
open circles) and 1988 (dotted line, open squares). The period of 
lactation is indicated. All values are expressed as means± SD. 
Sample size ranged from 3 to 7 for different sampling times; 
samples of less than 3 are shown. 
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Figure 4: Seasonal pattern of water influx (ml.kg·1.day·1 ) for free-living 
A.stuartii females in 1986 (solid line, open squares), 1987 
(dashed line, open circles) and 1988 (dotted line, open squares). 
The period of lactation is indicated. All values are expressed as 
means ± SD. Sample size ranged from 3 to 7 for different 
sampling times; samples of less than 3 are shown. 
Figure 5: Seasonal pattern of field metabolic rates (FdMR) measured 
by CO2 production (ml.g-1.h-1) for free-living A.stuartii females 
in 1986 (soli<;l line, open squares), 1987 (dashed line, open 
circles) and 1988 (dotted line, open squares). The period of 
lactation is indicated. All values are expressed as means± SD. 
Sample size ranged from 3 to 7 for different sampling times; 
samples of less than 3 are shown. 
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Figure 6: Seasonal pattern of daily energy expenditure (kJ) for individual 
free-living, female A.swainsonii over three years (1986-1988). 
The approximate levels of basal metabolic rate (BMR), 10 times 
BMR and the period of lactation are shown. The key shows the 
identification number of individual females. 
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Figure 8: Body mass for three cohorts of female A.swainsonii throughout 
a)1987 
b) 1988 
Females were weighed with young in the pouch from August to 
mid September; at all other times females alone were weighed. 
Data are presented as means± SD. Sample sizes were: second 
year females n=3, first year females n=5 (1988 n=3), juvenile 
females n=6. Where samples were smaller, this is shown. 
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Figure 9: Body mass for three cohorts of female A.stuartii throughout 
a) 1987 
b) 1988 
Females were weighed with young in the pouch from August to 
mid September; at all other times females alone were weighed. 
Data are presented as means± SD. Sample sizes were: second 
year females n=3 (1988 n=2), first year females n=3, juvenile 
females n=6. Where samples were smaller, this is shown. 
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Figure 10: Metabolisable energy intake (kJ/day) of captive lactating females during lactation. 
The 95% confidence limts for the MEI of non-lactating females are shown. 
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Figure 11: The body mass (g) of captive lactating and non-lactating female 
A.swainsonii through lactation. Data are presented as mean ± 
SD. The sample size for the lactating females was 10 up to day 
50, and 6 from then on. The number of non-lactating females 
was 6 throughout this period. 
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Figure 12: Schedule of energy investment during lactation, shown as the 
proportion of total energy invested during lactation for free-
living A.swainsonii females in relation to the proportion of 
time between birth and weaning. More than half the energy 
required for lactation is expended in the last 25% of the time 
from birth to weaning. 
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Figure 13: Energy budget of captive female A.swainsonii during early 
and late lactation, showing the balance of energy intake and 
energy expenditure calculated on the average values for the 
period of early lactation 0-50 days) and late lactation (50-100 
days). The components of the energy budget are: metabolisable 
energy intake (MEI), energy as storage (S) (assuming body 
mass changes are due to fat ), energy exported as milk (Mex), 
and respiratory metabolism (Res) components (measured by 
the doubly-labeled water technique); maintenance (M) (non-
lactating levels of energy expenditure), energy expended in 
milk production (Mpd) and extra energy expended by lactating 
females not accounted for by milk production (L). 
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Figure 14: A budget of energy expenditure for free-living, lactating and 
non-lactating female A.swainsonii. The energy expended in 
respiratory metabolism (Res) includes energy expenditure for: 
maintenance metabolism (M), milk production (Mpd), 
lactation (L, difference between lactating and non-lactating 
females, excluding milk production) free-living (FL, calculated 
from the difference between captive and free-living females). 
The total energy expenditure also includes energy exported as 
milk (Mex), estimated from the growth rates of the young and 
milk energy content. 
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Table 1: Summary of metabolic parameters of free-living Aswainsonii and Astuartii females , 
showing comparison between different stages of lactation and non-lactating animals. 
Mass corrected values of metabolic rates (Nagy 1987) and water fluxes (Nagy and Peterson 
1988) for the two species are shown (t). The metabolic scope is shown as the ratio of FdMR 
to standard metabolic rate (shown in methods). The relative increase of water flux and 
metabolic rate during peak lactation and the total average lactation value for females over 
non-lactating levels is shown for the two species. Superscripts refer to values which are 
significantly different (p<0.05), tested by ANOVA (Fisher PLSD), n=non-lactation, 
p=peak lactation. 
Species I Lactation Peak / Total Lac .. 
Parameter Early Late Peak Non-Lactation Non-Lac. Non-Lac. 
------------ -------------------------------------------------------------
Body mass (g) 
A.swainsonii 58.1 ± 13.3 (26) 58.3 ± 14.5 (26) 60.0 ± 11 .6 (19) 54.1 ± 12.3 (63) 
A.stuartii 23.6± 2.5 (19)" 24.0 ± 3.4 (15)" 25.3 ± 2.6 (8)" 18.5 ± 3.2 (68) 
%Bodywater 
A.swainsonii 74.3 ± 9.6 (24) 71.3 ± 11 .3 (20) 75.6 ± 6.2 (18) 73.9 ± 7.6 (51) 
A.stuartii 70.7 ± 7.7 (17)" 73.1 ± 11.4 (8) 73.8 ± 10.5 (8) 77.0 ± 6.5 (59) 
Water influx 
(ml.kg- 1.day- 1) 
A.swainsonii 586 ± 159 (23)P 669 ± 133 (20)P 822 ± 203 (17)" 619 ± 192 (46) 1.33 1.12 
A.stuartii 644 ± 153 (12)" 717 ± 234 (10)" 684 ± 192 (7)" 538 ± 130 (49) 127 1.27 
Fdl\ffi 
(ml co2.g-
1
.h-1) 
A.swainsonii 4. 76 ± 1.23 (23)0,P 4.12 ± 1.17 (20)P 5.56 ± 2.19 (17)" 3.96 ± 1.50 (45) 1.30 1.18 
A.stuartii 4.64 ± 1.30 ( 12) 5.38 ± 2.34 (9) 6.15 ± 1.05 (7)" 4.93 ± 1.56 (32) . 125 1.10 
DEE 
(kJ.day-1) 
1.35 A.swainsonii 174 ± 56 (23)P 159 ± 81 (2Q)P 210±89(17)" 136 ± 55 (45) 1.69 
A.stuartii 66±21 (12)P 79 ± 30 (10)" 97 ± 30 (7)" 58 ± 17 (32) 1.30 1.39 
Metabolic scope 
FdMR/SMR 
5.9 A.swainsonii 7.3 6.1 9.1 
A.stuartii 52 6.1 7.2 5.5 
Waterfluxt 
(ml.kg-· 71 .day- 1) 
364 265 A.swainsonii '251 293 
A.stuartii 218 246 235 169 
DEEt 
(kJ .kg-0.576 .day-1) 
1163 730 A.swainsonii 893 817 
A.stuartii 571 677 806 577 
------------
----------------------------------------------
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Table 2: Summary of the energy invested (mega joules) in lactation for free-
living A.swainsonii. The age of the females is shown as first year 
(FY) and second year (SY). Where the age of females was unknown, 
it was estimated on the basis of survival to the next season. Such 
females are denoted by an asterisk 
Female Age Year 
2) I SY* 1986 
00 FY* 1986 
22.1 FY 1987 
10.9 FY 1987 
22 SY 1988 
10 SY 1988 
mean 
±SD 
Total annual 
energy 
expenditure 
(MJ) 
54.0 
45.8 
54.4 
52.4 
59.9 
62.3 
54.0 
±6.5 
Energy 
expended in 
lactationf 
4.2 
4.8 
7.6 
2.0 
7.7 
8.3 
5.8 
±2.5 
% annual 
energy 
expenditure 
7.7 
10.5 
14.0 
3.8 
12.8 
13.0 
10.3 
±3.9 
----------------------- ·-------------------------------
t increase over estimated energy expenditure for non-lactating female. This does not 
include the energy expeorted as milk. 
48 
Table 3: Feeding rates of free-living female A.swainsonii and A.stuartii, 
estimated from mean field metabolic rates and water fluxes 
during non-lactation, lactation (mean of early and late) and 
peak lactation seasons. 
Species 'Season' 
A.stuartii non-lactating 
e & l lactation 
peak-lactation 
A.swainsonii non-lactating 
e & l lactation 
peak-lactation 
Body 
mass (g) 
18.5 
23.8 
25.3 
54.1 
58.2 
60.0 
Estimated feeding rate 
(g fresh wt. day -t) from % of 
FdMR water fiux body massr 
12.2 11.3 66 
15.3 19.2 64 
20.4 19.7 81 
28.6 38.1 53 
34.1 41.4 59 
48.4 56.0 81 
* calculated using feeding rates from estimated from FdMR measurements. 
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Table 4: Body mass, water influx, 'active' metabolic rate (equivalent to 
the FdMR measure in free-living females) energy expenditure 
(kJ.day-1) and metabolisable energy intake (kJ.day-1) for captive 
lactating female A.swainsonii during early lactation and late 
lactation, and non-lactating females. The 'metabolic scope' is 
shown as active metabolic rate/standard metabolic rate. The 
increase in parameters during late lactation over non-lactating 
levels are shown. Superscripts refer to values which are 
significantly different (p<0.05), tested by ANOV A and Fisher 
PLSD. n=non-lactation, l=late lactation. 
------------------------------------------------
Lactation Non- Late Lac.I 
Early Late lactation Non-lac. 
------------------------------------------------
Body mass (g) 74.6n,l 82.2n 55.8 1.5 
± 14.8 (25) ± 14.7 (35) ± 4.5 (32) 
Water influx 337n 423n 268 1.6 
(ml.kg- 1.day- 1) ± 85 (33) ± 194 (18) ± 74 (25) 
Active metabolic 3.121 4.58n 2.72 1.7 
rate (AMR) ± 0.87 (19) ± 2.96 (24) ± 1.41 (21) 
0 -lh-1) (mlC 2.g . 
Met.abolisable 164n,l 278n 127 2.2 
energy intake ± 51 (32) ± 119 (13) ± 59 (31) 
(kJ.day- 1) 
Energy 126 213 107 
expenditure ± 59 (31) ± 130(17) ± 52(15) 
(kJ.day· 1) 
'Metabolic scope' 
AMR/SMR 5.5 8.7 5.3 
--------------------------------------
T,'1e 5: Comparison of seasonal field metabolic rates, energy expenditure and water fluxes for dasyurid 
marsupials and three species of small eutherians. Table modified from Green et al. (1989) 
Species Body Mass Season Water Influx CO2 Metabolised Energy 
(g) (mLKg·1.day" 1 J (mlkg-0·8.da,-') (mLg" 1.h.1J (kJ.kg' 1 .day" 1 J (kJ.kg·0.75.day"1 J 
Reference 
-~~--~~--~--~~-~~~~~~----~---~~~--~----~~-----------------~-------------------------------------------
Marsupials 
Sminthopsis 20.4 Summer 1098 300 Morton (1980) 
crassicaudata 13.3 Winter 14.90 6.31 Nagy & Peterson 
16.6 Spring 808 3.56 6.12 4145 1488 (1988) 
Phascogale ro Summer 229 114 3.01 1806 752 Green 
calura 34 Winter 326 116 5.35 3210 1378 et al .. (1989) 
Dasyurus 1137 Summer 100 l&5 666 Green & Eberhard 
uiuerrinus 1019 Winter 284 200 1060 (1983) 
Antechinus 26.0 Winter 734 354 
stuartii 26.0 Winter 539 260 4.65 2003 1121 Nagy et al ., (1978) 
16.2 Summer 606 266 4.49 2694 961 B.Green 
27.0 Winter 628 305 5.33 3198 1296 (unpubl.data) 
18.5 Non Lac. 538 242 4.93 3135 1156 Present study 
23.8 Lactation 681 322 5.01 roto 1196 " 
25.3 Peak Lac. 684 327 6.15 3834 1529 
Antechinus 
swainsonii 52.5 Mating 593A 385 23628 1131 A Nagy & Peterson, 1988 
47.4 Spring 487A 265 26588 1240 8 Nagy, 1987 
54.2 Lactating 1338A 747 40778 1975 
54.l Non Lac. 619 346 3.96 2514 1212 Present study 
58.2 Lactation 628 355 4.44 2784 1373 " 
60.0 Peak Lac. 822 468 5.16 3833 1897 u 
Eutherians 
Perognathus 
formosus 16.7 Winter 3366 1210 Mullen & Chew 
19.2 Spring 3254 1210 (1973) 
Dipodomys 38.5 Winter 1675 741 Mullen, (1971) 
merriami 40.9 Spring 2315 1034 
Lemmus 55.2 Summer 3643 1763 Peterson et al., 
trimucronatus (1976) 
-------------------------------------------------------------------------------------------- l.l\ 
0 
5 1 
Table 6: S~ary. of the_ publishe~ d3:ta on metabolism free-living and 
semi-captive arumals which include measurements on lactating 
females. 
----------------------------------
Stage of % Increase over 
Species Condition Technique ladation non-lactating Reference 
metabolic rate water flux 
------------------------------------------------------
Marsupials 
Phascogale 
calura FL DLW m 0 45 Green et al. 1989 
Dasyurus 
viverrinus FL DLW e 0 0 
1 00 Green & Eberhard 1983 
Antechinus 
swainsonii FL DLW 1 75 Nagy 1987 
Isoodon 
macrourus FL HTO e 10-40 Hulbert & Dawson 197 4 
Gymnobelideus 
leadbeateri FL DLW elm 0 0 Smith et al. 1982 
Petaurus 
breviceps FL DLW e 0 0 Nagy et al. 1985 
Eutherians 
Marmota 
fiaviventris FL HTO u 100 100 Melcher et al. 1989 
Bradypus 
variegatus FL DLW u 0 0 Nagy & Milton 1979 
Thomomys 
bottae FL DLW u 126 151 Gettinger 1980 
Pipistrellus 
pipistrellus FL DLW 1 50* Racey & Speakman 1987 
Myotis 
daubentoni FL DLW 1 0-50* Racey & Speakman 1987 
Myotis FL DLW u O* Kurta et al. 1989 
lucifugous 
Spermophilus FL DLW t 17-82 Kenagy et al. 1989, 
saturatus Kenagy et al. 1990 
Phodopus 
sungorus SC HTO u 41 Schierwater & Klingel 1987 
---------------------------------------------------------------
*% increase in lactation metabolism over metabolism during pregnancy; Condition: SC= semicaptive, 
FL = free-living; Technique: DLW = doubly-labelled water, HTO = tritiated water turnover; 
Stage of Lactation: u = unknown, e = early, 1 = late, t = total 
CHAPrER 3 
Milk composition and growth of young in captive and free-living 
A.swainsonii, and milk composition of free-living A.stuartii 
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Introduction 
Marsupials have longer periods of lactation than eutherians of 
equivalent body masses (Green 1984) and their young grow more slowly 
(Cockburn and Johnson 1988; Lee and Cockburn 1985). During this long 
marsupial lactation, milk composition undergoes quantitative and 
qualitative changes (Green and Merchant 1988), which are more dramatic 
than those in eutherian milks (Oftedal 1984). During early lactation 
marsupial milk is relatively dilute with a high sugar and low fat content. 
As lactation progresses milk becomes more concentrated as fat content 
increases and sugar content decreases. The point at which fat and 
carbohydrate levels cross is usually associated with pouch emergence (in 
macropodids) or when young are dropped in a nest (dasyurids and 
peramelids, Green and Merchant 1988). Associated with quantitative 
changes in milk composition, are marked qualitative changes in the 
oligosaccharide content, fatty acids (reviewed by Green and Merchant 
1988) and whey proteins (Green and Renfree 1982). 
Most studies of marsupial milks have been biased toward the 
relatively large, monotocous marsupials (Macropus eugenii, Green et al. 
1980; M.rufogriseus banksianus, Merchant et al. 1989; Potorous 
tridactylus, Crowley et al. 1988; Trichosurus vulpecula, Cowan 1989), with 
only one detailed study on a polytocous peramelid, Isoodon macrourus 
(Merchant and Libke 1988) and a dasyurid, Dasyurus viverrinus (Green et 
al. 1987). 
In addition to phylogeny, foraging niche and body size are important 
influences in the evolution of milk of a particular composition (Oftedal 
1984). Data from a broader range of marsupials (in both body size and 
feeding habit) are therefore needed in order to understand the milk 
composition patterns. 
In marsupials, milk caters for dramatic changes in requirements 
for development and growth of the young. For example, in the dasyurid 
marsupial A.swainsonii, young develop from 0.016 g neonates at birth to 
25.0 g at weaning, with milk as their primary nourishment. At birth, the 
brain of marsupial neonates is still largely undifferentiated (Reynolds and 
Saunders 1988) and young have yet to undergo many physiological and 
metabolic changes through lactation (Hulbert 1988; Janssens and Rogers 
1989). There are few studies relating developmental changes to qualitative 
changes in milk composition (Bauclinette et al. 1988; Green and Renfree 
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1982) and only one detailed study on the growth energetics of the young in 
relation to milk consumption and composition (Green et al. 1988). 
There is evidence that growth rates of marsupial young are not 
maximal (Clark 1968; Merchant and Sharman 1966). Green (1984) 
suggested that limitations to the growth of young are not due simply to 
inefficiencies in conversion of milk to body mass, but under maternal 
control, through changes in milk composition and production. Maternal 
factors affecting milk production may be physiological (rate of conversion 
of food into milk) or ecological (restrictions in food availability) (Gittleman 
and Oftedal 1987). Milk production and composition therefore represent a 
compromise between requirements of the mother and the young. It is 
possible that increased growth to maximal levels does not represent the 
optimal strategy for development (Clark 1968), perhaps because it is 
inappropriate for certain developmental processes. 
A proximate factor influencing the growth of the young may be litter 
size. Milk production does not always increase linearly with growth 
demands of increasing number of young. The relative amounts of milk 
nutrients each young receives is less in larger litters than in small ones 
(Knight et al. 1986; Konig et al. 1988). An inverse relationship between the 
growth of individual young and litter size has been shown in a number of 
captive eutherians (Fleming and Rausher 1978; Mattingly and McClure 
1982; Kaufman and Kaufman 1987). The relationship between growth of 
litters and litter size has not been explored in marsupials. Although there 
is some anecdotal evidence that young from smaller litters grow faster, 
most studies on growth of young in polytocous marsupials have pooled 
data for young from different litters (Merchant et al. 1984; Serena and 
Soderquist 1988). 
In this study, quantitative changes in milk composition of two small, 
insectivorous marsupials, Antechinus stuartii and A.swainsonii are 
examined. Antechinus have a lactation of about 100 days; during the first 
half of lactation young are permanently attached to the teat and carried in 
an 'open' pouch (Russell 1982a). For the second half oflactation (50-100 
days) young are left in a nest. Late lactation (50-100 days) was the focus of 
the milk analyses in this study and growth of the young was followed 
throughout lactation. Milk samples from captive and free-living 
A.swainsonii are compared, along with the growth of field and captive 
young. The effect of litter size on the growth of young is discussed in 
relation to investment patterns of marsupials. 
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Materials and Methods 
Milk Sampling 
Milk samples were taken from A.swainsonii (n=43) and A.stuartii 
(n=19) caught in Elliott traps in the field. All animals were trapped in the 
Brindabella Ranges near Canberra, ACT from September to December in 
1987 and 1988. In addition, 13 milk samples were collected from A.stuartii 
trapped at Jervis Bay, ACT and analysed by Dr. B.Green and K. Newgrain 
(CSIRO Wildlife and Ecology, Canberra). Milk samples (n=30) were also 
collected from captive female A.swainsonii kept in indoor enclosures at 
constant temperature (21 °C) and natural daylight regime (see chapter 2). 
Animals were injected with 0.1 IU of oxytocin (Syntocin-Sandoz) and 
milked manually. Milk was collected in non-heparinized 
microhaematocrit tubes, and transferred to plastic eppendorf vials for 
storage. The whole milk samples were frozen at -20°C until analysis. 
Collection of milk samples in early lactation (0-50 days) requires 
removal of young from the teat. This procedure is difficult, and often 
results in mortality of young, so most milk samples were collected in late 
lactation, when the young were left in the nest. 
In this study, birth is defined as O days of age. Stage oflactation and 
age of young are presented as days since birth. At day 100 of lactation, 
free-living females were still producing milk but young were also foraging 
for themselves. Captive young began eating solid food around day 80-85 of 
lactation, but were still sucking milk. 
Milk Analyses 
Total Solids 
Approximately 10-20 µl of milk was weighed in pre-weighed 
aluminium trays. Each sample was oven dried to constant mass, then 
reweighed to register total solids (Green et al. 1980). All weighings were 
made to the nearest 0.1 mg on a Cahn automatic electrobalance. 
Carbohydrate 
Aliquots (5 µI) of whole milk were diluted with 2.0 ml distilled water. 
200 µI aliquots of this diluent were assayed for total hexose concentration 
using the modified phenol-sulphuric acid method of Messer (Messer and 
Green 197f ). Lactose was used as a standard. 
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Protein 
Aliquots (100 µl) of whole milk, diluted as in carbohydrate analysis, 
were assayed for protein using the dye-binding method of Bradford 
(Bradford 1976) with Coomassie Blue dye. Bovine serum albumin was 
used as a standard. 
Fat and Calorific Value 
The volumes of milk samples were too small to measure fat 
concentrations. Milk fat content was estimated by difference using the 
total solids, hexose and protein values and assuming ash represented 5% 
of the solids fraction CB.Green, pers. comm.). The energy content of milk 
at different stages of lactation was calculated using assumed energy 
values of 39, 24 and 17 kJ/g for milk fats, proteins and carbohydrates 
respectively (Kleiber 1961). 
Minerals 
Sodium, potassium, magnesium and calcium concentration 
(mmole/1) of diluted whole milk samples (5 µl in 2.0 ml distilled water) 
were determined using atomic absorption spectrophotometry. 
Statistics 
Milk composition from a) captive and free-living females, and b) 
females with small (3 and 4 young) and large (7 and 8 young) litters were 
compared using ANCOV A where data were linearly time dependent and 
Student's t-test if data were not time dependent. All data are reported as 
mean± lSD. 
For each litter, regressions were fitted for body mass increase with 
age. The effect of litter size on the growth of young was then examined by 
using a t-test to compare the coefficients of the individual regressions; 
small litters of 3 and 4 young (n=4), large litters of 7 and 8 young (n= 8). 
Growth of the young (A.swainsonii) 
Captive females (n=12) with young were maintained in indoor 
enclosures, at constant temperature (21 °C) with natural photoperiod 
regime. They were fed a diet of beef mince, eggs, and dried pet food ("cat 
chow", Harper's Pet Foods) with mineral supplements. 
Head length and crown rump measurements were taken from pouch 
young (age 10-50 days) of captive females using dial calipers. After about 
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50 days crown-rump measurements were difficult to take because young 
were too active, and so head length and body mass of nest young were 
measured. 
Pouch young, between 7 and 20 days old, were removed from four 
females which had litters of 7 and 8, to create litters of 3 or 4. Eight 
females retained natural litters of 7 or 8. 
Four adult female A.swainsonii were killed in the field for 
examination of parasite load by Dr D.Spratt and P.Haycock (CSIRO 
Wildlife and Ecology). Their pouch young were measured. A female with 
known age young ( 45 days old), died in a trap and her young were also 
measured. 
Body composition - A.swainsonii young 
A.swainsonii young of various ages were killed and analysed for dry 
matter, fat and protein. Total dry matter content was determined by 
weighing after drying to constant mass at 60°C. Dried carcasses were 
ground in a Wiley Mill and subsampled for estimation of total nitrogen by 
Kjeldahl digestion and Conway microdiffusion analysis (Conway 1962), 
and total fat using carbon tetrachloride solvent and a Soxhlet apparatus. 
Results 
Milk Composition 
Total solids 
For both species, the solids component of the milk gradually 
increased through lactation (Figs. l, 2) from 15 g/100 ml and 19 g/100 ml of 
whole milk for A.swainsonii and A.stuartii respectively early in lactation, 
to 42 g/100 ml and 49 g/100 ml by weaning. There was no difference in 
solids content between milk from captive and field-trapped A.swainsonii 
(AN COVA, F1,ss= 0.08, p=O. 78) so these data were pooled. 
Carbohydrate (Hexose) 
The hexose component of A.swainsonii milk gradually increased 
during mid-lactation from 5 g/100 ml at day 50 to 8 g/100 ml at day 80, 
followed by a marked decline to 1-2g/100 ml in late lactation (Fig. 3). To 
compare field and captive samples, significant polynomial regressions 
were fitted through hexose concentration data for field and captive 
samples. The residual sum of squares from the three regressions (captive, 
field and captive+field) were used to test whether a significant reduction in 
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unexplained sum squares is achieved by fitting separate curves. Both this 
test and Students t-test showed that the hexose content of the captive and 
field samples were not different and they were pooled in further analyses. 
The milk hexose of A.stuartii did not fluctuate throughout mid- and 
late lactation but remained between 4 and 6 g/100 ml, although there is 
much between-sample variance (Fig. 4). 
Protein 
Female A.swainsonii in the field had relatively constant milk protein 
concentrations of 12-15 g/100 ml from day 48 to day 95 oflactation (Fig. 5). 
Around day 95 of lactation there was a peak in protein of 23.6 ± 8.8 g/100 
ml (n=ll). This peak in protein was significantly higher (F1,42=40.8, 
p=0.0001) than the protein levels at other times (mean 12.8 ± 2.8 g/100 ml). 
The protein content milk from free-living A.swainsonii (mean 15.2 ± 
7 .3 g/lOOml, n=46) was significantly higher than milk from captive 
females (5.6 ± 3.3 g/100 ml, n=27) (Students t-test,t=7.06, p=0.001). 
Protein concentrations of Astuartii milk fluctuated between 5. 7 and 
10.9 g/100 ml during lactation (Fig. 6). 
Fat and Energy 
The calculated milk fat concentrations for A.swainsonii increased 
through lactation from 6.2 g/100 ml at day 50 to 11 g/100 ml around day 70, 
when there was a dramatic increase to 37 g/100 ml by day 100. The 
corresponding values for A.stuartii were 13.5 g/100 ml, 14. 7 g/100 ml and 
29 g/100 ml. 
Milk from captive A.swainsonii had solids and hexose contents 
similar to field samples. The lower protein levels in captive milk therefore 
resulted in higher calculated fat levels (by 5-6g). 
For both species, the energy content of the milk increased through 
lactation to peak values of 1800 kJ/100 g (day 100) for A.swainsonii and 
1400 kJ/100 g (day 95) for A.stuartii (Fig. 7). The energy content of captive 
A.swainsonii milk samples was about 30% higher than field samples 
until day 80 of lactation (due to the higher fat content). 
Sodium and Potassium 
Sodium levels through late lactation from milk of both captive and 
field A.swainsonii showed no clear pattern (Fig. 8). Sodium levels in milk 
from field females (39.6 ± 6.10 mmole/1, n=19) were higher 
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(F1,4s=10.5,p=0.002) than in captive milk (29.7 ± 2.3 mmole/1, n=30). For 
this comparison only data from the period of lactation common to both 
groups was included (day 40 to day 90). 
Potassium levels in milk from field A.swainsonii showed a linear 
decline during late lactation (F1,so=6.2,p=0.02,r=0.35,n=40) (Fig. 9). This 
decline was not apparent in captive milk (Fig. 9). The mean potassium 
concentration in captive milk (62.7 ± 18.6 mmole, n=28) was lower 
(F1,so=4.7, p=0.03) than that for field milk (74.3 ± 20 mmole, n=22). For this 
comparison only data from a period of lactation common to both samples 
( 40-90 days) was included. 
The single early lactation sample for A.stuartii (Fig. 10) showed a 
high sodium concentration and lower potassium concentration. This was 
reversed from day 33 of lactation. 
Calcium (A.swainsonii milk) 
Calcium concentration in milk from free-living females showed a 
linear decline through late lactation (F1,24=64.6, p=0.0001, r=0.86, n=24) 
(Fig. 11). This was not evident in captive milk samples. Calcium 
concentrations of milk from captive females (36.5 ± 10.6 mmole/1, n=29) 
were lower than those in the milk from free-living females (46.8 ± 12.22 
m.mole/1, n=lO) (F1,a1=6.5,p=0.01). This comparison was made with 
samples between day 50 and day 80 oflactation. 
Magnesium (A.swainsonii milk) 
Magnesium concentrations were relatively constant, but showed 
variability through lactation (Fig. 12). Magnesium concentrations in milk 
from free-living females (7.65 ± 1.32 mmole/1, n=lO) were higher 
(F137=34.9,p=0.0001) those in the milk of captive females (4.92 ± 1.24 , 
mmole/1, n=26) compared between days 50 and 90. 
Effect of Litter Size on Milk Composition 
The milk composition (total solids, protein, hexose, electrolytes and 
minerals) of females suckling small litters did not differ from that of 
females suckling larger litters in A.swainsonii (Table 1). 
Comparison of milk from A.swainsonii and A.stuartii 
The milk compositions of the two species of Antechinus (Table 2) 
show little difference through lactation. The only difference between the 
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milk from the two species was that over the whole period of lactation, milk 
from free-livingA.swainsonii had significantly higher protein 
concentrations (15.2 ± 5.8 g/100 ml, n=40) (F1,ss=22.5, p=0.0001) than milk 
from free-living A.stuartii (8.55 ± 1.9 g/100 ml, n=18). 
The pattern of milk composition changes is illustrated as relative 
proportions(%) that protein, fat and hexose contribute to the solids 
fraction of milk (Figs. 13, 14). The point where the fat and protein cross 
over is at about 65 days in A.swainsonii. This trend is not as clear in 
A.stuartii, which may reflect the number of samples used for the 
estimation (for A.stuartii n= 25 and for A.swainsonii, n=45). 
Growth of A.swainsonii young in captivity 
(i) Crown rump length. The crown rump length of young increased with 
age (Fig. 15) and a linear relationship was fitted (F1,32=142.0, p=0.0001, 
r=0.91, n=32). The increase of crown rump length with age was not 
affected by sex (ANCOVA, F1,1ss=,p=0.45) or by litter size (small or large) 
(F1,s3= 2.01,p=0.16). 
(ii) Head Length. Head length increased with age (Fig. 16) and a linear 
regression fitted the relationship (F1,ss=18.26,p=0.0001,r=0.99,n=55). The 
relationship between head length and age was not affected by sex 
(F1,1ss=0.57, p=0.45) or litter size (F1,1ss= 0.57,p=0.45). 
(iii) Body mass. The mass of young at birth was 0.016-0.018 g and 
increased exponentially through lactation (Fig. 17). Mean daily mass 
increment was highest (0.44 g/day) in the last stages of lactation. 
There was no difference between the body masses of male and female 
young at 60, 70, 80 and 100 days oflactation (Students t-test, p>0.05 at all 
stages). At weaning (100 days) females weighed 30.5 ± 1.4 g (n=8) and 
males weighed 30.8 ± 1.0 g (n=9). 
The growth rates of young from small and large litters did not vary. 
The mass of young from small and large litters at 60, 75 and 100 days were 
not significantly different (Students t-test, p>0.05 at all stages) (Fig. 18). 
Neither the mass gain or actual mass of litters or individual young 
during late lactation were correlated with maternal mass. 
Growth of A.swainsonii young in the field 
Free-living young at age 40-50 days (0.68 ± 0.23 g, n=5) were lighter 
(F1 s= 21.4, p=0.006) than captive young (1.97 ± 0.58 g, n=2) (Fig. 17). 
' 
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However, this result should be treated with caution, since field young 
could not be aged precisely at this time and there was only a small sample 
of captive young for comparison. At weaning, masses of free-living young 
(25.4 ± 2.8 g, n=30) were lower (F1,45= 52.0,p=0.0001) than those of captive 
young (30.7 ± 1.8) (Fig. 18) but there was no effect oflitter size on weaning 
mass. At weaning there was no significant difference between the body 
mass of female (25.3 ± 3.3 g, n=15) and male young (25.5 ± 3.3 g, n=15) 
Body composition of young A.swainsonii 
The body composition of young changed during growth in the pouch 
and in the nest (Fig. 19a,b,c). Dry matter content, body protein and fat 
increased through lactation. By weaning, although young had similar 
relative body protein content to adults (20-25%) the body solids and body fat 
levels were lower (Appendix 3). 
Discussion 
Changes in milk composition 
The pattern of milk changes observed in both species of Antechinus is 
typical of marsupial milk (Green and Merchant 1988). The main features 
of the pattern are increasing solids, relatively constant protein levels, and 
a simultaneous dramatic decline in hexose and increase in fat content in 
late lactation. 
The cross-over point of carbohydrate and fat levels coincides with first 
pouch emergence in the macropodids and with young being left in the nest 
in the Dasyuridae and Peramelidae (Green and Merchant 1988). In 
M.eugenii the decline in carbohydrate levels may be necessary for the 
development of a balanced population of bacteria and protozoa in the fore-
stomach, which is critical for the transition from milk to a herbivorous 
diet (Janssens and Ternouth 1987). However, this does not explain the 
similar change in omnivorous species (Merchant and Libke 1988) and the 
insectivorous Antechinus. The increase in fat levels may be necessary to 
facilitate thermoregulation, increased muscular activity and skeleto-
muscular support of the young (Green and Merchant 1988). In 
A.swainsonii milk the cross-over point is around 65 days, which is at least 
15 days after the young have been left in the nest (at 45-50 days). When 
young are first left in the nest they have little dorsal fur, and are probably 
not capable of thermoregulating until 65-70 days oflactation (Hulbert 
1988), when they are well furred (this study; Williams and Williams 1982). 
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Notably, the female remains with the young for long periods in the first 1-2 
weeks after leaving them in the nest (Chapter 2), perhaps until the young 
can maintain their own body temperature. Antechinus is the smallest 
marsupial for which milk has been analysed. In small marsupials, 
depositing young in a nest before they are capable of thermoregulating 
effeciently may be a necessary compromise by the female, because of the 
enormous handicap that attached young present for foraging and activity. 
Detachment from the teat may also be at a particular stage of brain 
development which allows independence and further development 
(Tyndale-Biscoe and Janssens 1988). 
There are some quantitative differences in the milk components of 
Antechinus, compared other marsupials. Macropodid marsupial milks 
have slightly higher peak levels of carbohydrate at peak lactation and 
lower levels at weaning (M.eugenii, Messer and Green 1979; 
P.tridactylus, Crowley et al. 1988). The hexose content of A.swainsonii 
milk was more similar to those reported for the milk of another dasyurid, 
D.viverrinus (Green, et al. 1987). 
Protein concentrations of milk from both species of Antechinus are 
similar to the milks of the rat-kangaroos P.tridactylus (Crowley, et al. 
1988) and Bettongia gaimardii (Smolenski and Rose 1988), but higher than 
those of the milks of D.viverrinus and M.eugenii. In some macropodid 
species there is a peak in protein in late lactation which coincides with the 
appearance of specific proteins in the milk (Nicholas 1988). The high 
protein levels observed in A.swainsonii milk (around day 95) may also be 
associated with the production of specific proteins, but this can only be 
resolved with qualitative analyses. 
Generally sodium levels in marsupial milks are elevated in early 
lactation but decline during late lactation. Potassium levels follow the 
reverse pattern (Green and Merchant 1988). It has been proposed that this 
pattern is important in maintenance of osmotic equilibrium between the 
milk and maternal blood (Linzell and Peaker 1971). There is a suggestion 
of this pattern in A.stuartii milk. For A.swainsonii milk there was too 
much variance in the electrolyte concentrations to reveal any trend that 
might exist. Both species of Antechinus have milk potassium levels 
during late lactation (mean 2.6 g/1), that are almost twice as high as those 
reported for any other marsupial (Green and Merchant 1988). The 
significance of this is not known. The hormone used to promote milk flow 
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(oxytocin) may affect the exchange of ions between milk and extracellular 
fluids when injected in unphysiological doses (Oftedal 1984). 
Calcium concentrations in the milk of A.swainsonii differ from those 
reported for Macropus eugenii (Green 1984), where calcium concentration 
increases through early lactation, peaks in late lactation and then 
declines through weaning (Green 1984). The gradual decline in calcium 
levels through late lactation in Antechinus is surprising, as it coincides 
with the time young are growing rapidly, when calcium demands for 
skeletal growth would be high. However, since milk consumption 
increases during this growth phase, the total calcium intake by the young 
may not decrease. The reduction in calcium in the milk is unlikely to be a 
consequence of dietary deficiencies in free-living mothers, as insects 
generally provide a rich source of calcium (Robbins 1983). 
Understanding variation in milk composition across species is 
difficult without knowledge of the exact growth and developmental 
requirements of the young. Only a few studies have related developmental 
events to milk changes (Baudinette, et al. 1988; Green and Renfree 1982). 
This approach is necessary to resolve in detail any quantitative and 
qualitative differences between the two closely related species of 
Antechinus. 
Function of milk composition 
The change in total solids content of milks has been related to the 
changes in suckling regime of the young. Females which suckle 
frequently have milks with lower solids than those which suckle less 
often (Ben Shaul 1963; Jenness and Sloan 1970). This strategy presumably 
ensures that adequate amounts of milk energy and nutrients are supplied 
to the growing young irrespective of suckling frequency. During the first 
half of lactation, Antechinus young are permanently attached to the teat, 
have the opportunity to suck frequently, and receive a relatively dilute 
milk. During the latter half of lactation, after the young have been left in 
the nest, they are only suckled intermittently and receive a more 
concentrated milk. The increase in the milk solids fraction of marsupial 
milks during lactation may thus compensate for reduced sucking 
frequency after detatchment from the teat. The change from frequent 
sucking to intermittent sucking is gradual, as the female reduces the time 
she spends in the nest. 
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It has also been suggested that the concentration of marsupial milk 
is inversely correlated with the length of lactation in macropodid species 
(Green and Merchant 1988). The large macropodid species, which lactate 
for the longest, have the lowest milk solids fractions at the end of lactation. 
Antechinus fits this pattern; it has a shorter lactation and higher milk 
solids content than the larger dasyurid, Dasyurus viverrinus. 
Feeding niche and body size may affect milk composition (Oftedal 
1984). Limited data on eutherian insectivores (shrews only) show that 
their milk has a relatively high dry matter content compared to many 
other eutherian milks (Mover et al. 1989; Oftedal 1984). However, since 
milks from smaller mammals may also have higher energy (and dry 
matter) contents than milks from large mammals (Hanwell and Peaker 
1977; Oftedal 1984), it is difficult to separate the influence of body size and 
diet. The trend for smaller mammals to produce relatively more milk 
energy, due to both higher milk yields and higher milk energy content 
(Han well and Peaker 1977) is related to the size of weaned young ( which 
are relatively larger than those of large mammals). In late lactation, the 
milk of Antechinus has one of highest milk solids concentrations, and 
very high estimated fat and energy levels, as might be expected for a small 
mammal. 
Milk composition of captive animals 
One of the most interesting results of this study was the marked 
difference between the milk from captive and free-living A.swainsonii. 
Mineral and electrolyte levels in milk from captive females were 25-35% 
lower than in the milk from field females, despite mineral supplements in 
the captive diet. Hexose and solids content of milk were comparable in the 
two groups of females. Captive young were heavier than field young and a 
possible explanation is that they received relatively more milk. In house 
mice, as milk production increases (with increasing litter size) the 
relative amounts of nutrients in the milk do not show a corresponding 
increase (Konig, et al. 1988). Therefore the difference in milk composition 
between A.swainsonii females may be a result of differences in milk yield 
and consequently, dilution of some milk components. Captive females 
spent more time with their young than free-living females, so their 
mammary glands were constantly stimulated to produce milk. 
The difference in protein concentrations between captive and field 
milk samples (63%) was greater than that of the electrolytes and may 
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reflect a dietary influence on milk composition. The majority of milk 
constituents are manufactured by the mammary gland from precursors 
in the maternal bloodstream (Hanwell and Peaker 1977) and variations in 
milk composition may result from different type or levels of these 
precursors. The diet fed to captive females had higher levels of protein 
(25% fresh weight) than an insect diet (17.8% fresh weight, Kurta et al. 
1989) but the captive diet could have been deficient in a particular amino 
acid, resulting in low protein concentrations in the milk. In humans, 
dietary deficiencies can lead to changes in the vitamin content of the milk 
(Hartmann et al. 1984). In monotremes (Tachyglossus aculeatus, 
Griffiths et al. 1984; Ornithorhynchus anatinus, Gibson et al. 1988) and 
the marsupial Myrmecobius fasciatus (Griffiths et al. 1988) the fatty acid 
composition of the milk was affected by maternal diet. There is no 
evidence from any previous study to suggest that maternal diet could 
affect the gross composition of milk to the extent reported here. However, 
in a recent study of the folivorous ringtail possum, Pseudocheirus 
peregrinus viverrinus, milk from captive females had significantly 
higher amounts of protein and lower fat than milk from wild animals. 
These differences were related to the maternal diet (S. Munks, pers 
comm.). 
Early studies on eutherians correlated growth rate of young with the 
energy derived from milk protein (Bernhart 1961; Blaxter 1961). However, 
a more recent review of a range of species found no correlation between 
milk protein levels and the relative growth rate of the young (Oftedal 1984). 
In this study, the low protein milk of captive females had no detectable 
deleterious effect on the development of young, in terms of their growth 
and weaned mass. The growth rate of Antechinus young (and marsupial 
young generally) is relatively low when compared with eutherian young 
(Cockburn and Johnson 1988), yet the levels of milk protein are high 
compared to eutherian milks (Oftedal 1984). To demonstrate a 
relationship between protein intake and growth rate, data on both milk 
protein concentrations and milk consumption rates are required. 
The interval allowed for milk accumulation prior to sampling could 
also result in individual differences in milk composition (Oftedal 1984) and 
as field females accumulated milk while in a trap, it was difficult to 
control for this potential sampling bias. 
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Milk composition and growth of Aswainsonii young 
The growth curves for A.swainsonii are similar to those reported in 
an earlier study (Williams and Williams 1982). Body mass increases 
mainly after about 40-50 days when the young are left in the nest. The 
fastest growth rate occurs during the late stages of lactation. After 
weaning the growth rate of young generally slows (Williams and 
Williams 1982). 
Body composition of young A.swainsonii changed as body size 
increased. Prior to weaning, the body fat content of individuals was low 
and variable and could reflect differences in milk production between 
individual mothers. 
In Macropus eugenii, increased growth of the young is due to both 
increased milk consumption (=milk production) and increased growth 
efficiency (rate of conversion of milk to body mass) (Green et al. 1988). 
Crude growth efficiencies (g body mass/ml milk) measured for M.eugenii 
(Green et al. 1988) were assumed for A.swainsonii young. Together with 
measured daily incremental mass increase, these were used to estimate 
milk consumption (Table 3). The amount of energy the young receive 
increases through lactation as a result of both increasing milk intake and 
increasing energy content of the milk. Therefore, the pattern of gradual 
maternal energy allocation through lactation with peak energy 
expenditure during the final stages of lactation (Chapter 2) parallels the 
growth and milk consumption of the young. The peak milk yield predicted 
for a 60 g small mammal with large litters by Oftedal's (1984 p 72) equation 
is 75 kJ.day·1, which corresponds to the calculated milk production of 71 
kJ.day-1 for a captive (or free-living female) A.swainsonii with a small 
litter (4 young), but is less than the 125 kJ.day·1 produced by a captive 
female with a large litter (7 young). This may indicate that the milk 
production to wean the average litter of about 4 young in the field is near 
maximum levels for a free-living female and only in with abundant food 
and reduced activity in captivity are females able to wean large litters. 
During the last stages of lactation when energy demands were 
greatest, milk intake estimated from growth is an underestimate. Young 
not only use milk energy for increased growth but also thermoregulation 
(after day 65-65; Hulbert 1988) and increased activity (personal 
observation). 
Male and female A.swainsonii have similar growth rates (measured 
by head and body length and body mass) up until the time of weaning (11-
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12 weeks), after which males grow faster than females (Williams and 
Williams 1982). The energetic cost of milk production thus appears to be 
independent of the sex ratio of the litter. In a range of marsupials, males 
and females appear to have significantly different body masses only after 
weaning (Merchant et al. 1984; Serena and Soderquist 1988). This may be 
due to indeterminate growth of males (Poole et al. 1982a; 1982b; Russell 
1982a; 1982b) or an intrinsically higher growth rate in males. 
Environmental infiuences on growth of young 
Growth of A.swainsonii young in the field is restricted, due to either 
direct or indirect environmental influences. A range of studies on 
dasyurid (Morton 1978; Serena and Soderquist 1988) and macropodid 
marsupials (Ealey 1967; Inns 1982) has shown that young of free-living 
animals grow more slowly than captive young. In good seasons, growth 
rates of captive and field young of M.eugenii (Inns 1982) and Bettongia 
gaimardi (Taylor and Rose 1987) were comparable. 
Mean ambient temperatures in the field (14.3°C) were lower than in 
captivity (21 °C). Low temperatures may retard growth before 
homeothermy is developed and after development of homeothermy, young 
may have to expend more energy on thermoregulation at the expense of 
growth. 
An indirect influence of the environment may be through resource 
and hence energetic restrictions on the female (Chapters 2 & 4). 
Depending on how acute energetic restrictions are for a female, the 
growth of young may be reduced over the whole of lactation or only during 
the later stages when energetic demands are greatest. In D.geoffroii 
(Serena and Soderquist 1988) and M.eugenii (Inns 1982), growth of captive 
and field young differed only in the later stages of lactation. In 
A.swainsonii, differences in body mass between captive and field animals 
were apparent relatively early in lactation. 
In captive cotton rats, Sigmodon hispidus, maternal food restriction 
results initially in reduction in growth of the young and ultimately in 
litter reduction (Mattingly and McClure 1985). In the field, litter 
reduction is common in Ante chi nus, and other small marsupials (Lee 
and Cockburn 1985). The factors determining weaned litter size are 
discussed in Chapter 4. Reducing the number of young rather than 
compromising the mass of individual young may maximise reproductive 
success. In other species, it has been shown that a phenotypic response to 
) 
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environmental growing season is via adjustment of litter size and not 
growth rate of the young (Kenagy et al. 1989b). Body size is important in 
the reproductive success of an Antechinus (Cockburn and Johnson 1988), 
and it has been shown for other species that weaned body mass is critical 
in determining the survival of young (Kaufman and Kaufman 1987). In 
Antechinus weaned mass has added significance because there is no 
evidence of catch-up or compensatory growth after weaning in young that 
had reduced growth during lactation (personal observation) as seen in 
some rats (Mattingly and McClure 1985). 
Growth and litter size in captivity 
Several studies of eutherians in captivity have demonstrated that 
females with smaller litters invest more in their young; young from 
smaller litters have larger body masses and represent larger proportions 
of the maternal mass than young from larger litters (Glazier 1985; 
Randolph et al. 1977; Weiner 1987). These growth rates reflect differences 
in milk production. For example, in mice, although females with small 
litters produce less total milk than those with larger litters, they produce 
more milk per young (Knight et al. 1986). Antechinus does not follow this 
general eutherian pattern. Neither the growth rates nor the masses of 
individual young at weaning are related to weaned litter size in the captive 
females. Thus young A.swainsonii from small and large litters receive 
not only milk of the same composition, but consume the same amount of 
milk. 
Evidence for variation in growth in litters of varying size for other 
polytocous marsupials is absent or anecdotal. Two studies pooled growth 
measurements for young from a range of litter sizes (Dasyurus geoffroii, 
litter size 3-6, (Serena and Soderquist 1988); D.viverrinus, litter size 1-6, 
(Merchant et al. 1984). Standard deviations from mean weights of young 
in both of these studies were extremely small, suggesting growth of young 
from litters of different sizes were very similar. Although Settle and Croft 
(Settle and Croft 1982) observed that in A.stuartii members of small litters 
"appeared" to be larger than those of large litters, they offered no 
measurements. In Sminthopsis larapinta (Godfrey 1969) and 
D.viverrinus (Merchant et al. 1984) large litters appear to be weaned "a 
few days later". 
Why do captive A.swainsonii, with abundant food conditions, not 
invest more (through increased milk yield) in each young from small 
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litters? In other mammals, mammary gland capacity may limit 
investment in young (Gittleman and Oftedal 1987; Kenagy et al. 1989b). In 
A.swainsonii also, the mammary glands associated with each teat may be 
converting food to milk at maximum capacity. Young were removed from 
captive A.swainsonii females early in lactation, when young are 
permanently attached to a teat. Vacated glands regressed, so that there 
were no surplus active teats; at weaning the number of active mammary 
glands corresponded to the number of young sucking (mammary gland to 
young ratio of 1:1). 
Females in the field had mammary gland to young ratios greater 
than 1:1 at weaning (2:1 to 5:1). However, these females did not have 
access to ad libitum food, and may have been limited in investment by 
energetic restrictions. An experiment to resolve this question would be to 
examine the growth of young in captivity which have access to more than 
one mammary gland via litter reduction when young are no longer 
permanently attached to teats. 
Green et al. (1988) proposed that the growth of M.eugenii young is 
controlled by maternal factors associated with milk composition and 
production, rather than by the capacity of the young to convert milk to body 
mass. Since nutritional status of the female and maximum rate of milk 
production by the mammary gland appear to limit investment in young in 
A.swainsonii, this study provides some support for this idea. 
Experimental work on transfer of pouch young to a pouch that 
previously contained older young showed that although growth sometimes 
increased, there were frequently major disruptions to growth and often 
mortality (Clark 1968; Findlay 1982; Merchant and Sharman 1966; 
Reynolds 1952; Smith 1989). Thus a) young require a specific milk 
composition, b) altered stimuli do not change mammary gland output and 
c) although young have the potential to grow at a faster rate this may not 
represent optimal growth. 
The changes in the milk composition through lactation that are 
found in a range of marsupials may be an intrinsic characteristic of the 
gland and occur regardless of the local stimuli produced by the young 
(Findlay 1982; Findlay and Renfree 1984; Smith 1989). In the bettong, 
Bettongia penicillata pouch life (and lactation period) are independent of 
the stimulus from young (Smith 1989). 
Because the requirements of developing young are so specific, the 
marsupial mammary gland may be 'programmed' to supply them in a 
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particular pattern (both quantitative and qualitative). Therefore, 
ultimately, the growth of young marsupials is controlled by developmental 
processes (Lee and Cockburn 1985). The prenatal growth rate of 
eutherians are thought to be set by the maturational needs of the brain 
(Sacher and Staffeldt 197 4); the 'pacemaker' of development. Increased 
milk production and investement in young may only be advantageous in 
the late stages of lactation when differentiation is completed and growth 
(or fat deposition) can increase. 
Conclusions 
Antechinus show similar patterns of milk changes through lactation 
to other marsupials. The discrepancy between the 'cross-over' of milk 
carbohydrate and fat and the deposition of young in the nest in 
A.swainsonii may reflect the difficulty small mammals experience in 
carrying young on foraging excursions, which often cover large areas. 
The quantitative changes in milk composition between marsupials are 
probably related to different nutrtional requirements of young, as well as 
maternal body size, diet and duration of lactation. The growth of the 
young through lactation mirrors the pattern of increasing energetic 
investement in milk production by the female. 
The proximate factors influencing maternal investment in young 
include maternal nutritional and energetic status and the capacity of 
mammary glands. Ultimately, the growth of the young may be controlled 
by developmental processes. 
Figure 1: The total solids concentration (g/100 ml) in A.swainsonii milk 
during lactation. Samples from field and captive animals were 
pooled. Data are presented as means± SD. Sample sizes are 
shown. 
Figure 2: The total solids concentration (g/100 ml) in A.stuartii milk 
during lactation. Milk samples were collected from free-living 
females only. Data are presented as mean± SD. Sample sizes 
are shown. 
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Figure 3: The hexose (carbohydrate) concentrations (g/100 ml) in 
A.swainsonii milk through late lactation. Samples from field 
and captive animals were pooled. Data are presented as means 
±SD.Sample sizes are shown. 
Figure 4: The hexose (carbohydrate) concentrations (g/100 ml) in 
A.stuartii milk through lactation. Milk samples were collected 
from free-living females only. Data are presented as means± 
SD. Sample sizes are shown. 
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Figure 5: Protein concentrations (g/100 ml) in A.swainsonii milk during 
lactation from field females (filled circles) and captive females 
(open circles). Data are presented as means± SD. Sample sizes 
are shown. 
Figure 6: Protein concentrations (g/100 ml) in A.stuartii milk during 
lactation. Milk samples were collected from free-living females 
only. Data are presented as means± SD. Sample sizes are 
shown. 
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Figure 7: Energy content (kJ/100 g milk) of milk from field-caught 
A.swainsonii (filled circles), captive A.swainsonii (open circles) 
and field-caught A.stuartii (filled triangles). Values were 
estimated from the mean values of protein, hexose and fat at 
different stages of lactation. 
Figure 8: Sodium concentrations (mmole/1) of A.swainsonii milk during 
late lactation from field females (filled circles) and captive 
females (open circles). 
Figure 9: Potassium concentrations (mmole/1) of A.swainsonii milk 
during late lactation from field females (filled circles) and 
captive females (open circles). 
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Figure 10: Concentrations of sodium (filled circles) and potassium 
(open circles) in A.stuartii milk during lactation. Data are 
presented as means± SD. Sample sizes were identical for 
potassium and sodium, and are shown for potassium 
values. 
Figure 11: Calcium concentrations (mmole/1) of A.swainsonii milk from 
free-living females (filled circles) and captive females (open 
circles) during late lactation. 
Figure 12: Magnesium concentrations (mmole/1) of A.swainsonii milk 
from field females (filled circles) and captive females (open 
circles) during late lactation. 
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Figure 13: Percent components of solids fraction of A.swainsonii milk, 
calculated from the means of the protein, carbohydrate, fat 
and dry matter concentrations in the milk through lactation. 
Figure 14: Percent components of solids fraction of A.stuartii milk, 
calculated from the means of the protein, carbohydrate, fat 
and dry matter concentrations in the milk through lactation. 
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Figure 15: Crown/rump measurements (mm) of pouch young during 
early lactation. All values are given as means± SD for 
individual young from litters of 7 & 8 young (filled squares) and 
litters of 3 & 4 young (open squares); small litters n=4, large 
litters n=8. 
Figure 16: Head length measurements (mm) of pouch young during 
lactation. All values are given as means± SD for individual 
young from litters of 7 & 8 young (filled squares) and litters of 
3 & 4 young (open squares); small litters n=4, large litters n=8 
(after day 65, n=4) 
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Figure 17: Body mass (g) of A.swainsonii young from mid to late 
lactation. All values are given as means± SD for individual 
young from litters of 7 & 8 young (filled squares) and litters of 
3 & 4 young (open squares) and from free-living young (open 
diamonds); small litters, n=4, large litters,n=8 (after day 65, 
n=4). 
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Figure 18: The relationship between body mass of young (g) at weaning 
and litter size for field (filled circles) and captive (open circles) 
A.swainsonii. 
Figure 19: Body composition (percentage live body mass) changes in 
young A.swainsonii with age: 
a) percentage dry matter (body solids) 
b) percentage body fat 
c) percentage protein 
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Table 1: Total solids content, protein and hexose concentrations of milk 
nourishing young from small (3 & 4 young) and large (7 & 8 
young) litters, from captive A.swainsonii. Values are given as 
means ± SD (sample size). 
Litter Size 
Small 
(3/4 young) 
Large 
(7/8 young) 
Significance* 
Total Solids 
(g/ 100g) 
27.45± 6.84 
(14) 
31.24±5.04 
(26) 
ns 
Protein 
(g/ 100ml) 
5.03 ± 1.85 
(10) 
4.39±2.25 
(19) 
ns 
Hexose 
(g/lOOml) 
6.07 ± 1.81 
(11) 
6.39± 2.54 
(20) 
ns 
*significant difference (p<0.05) was tested by ANCOVA and t-test (see text). 
Table 2: Comparison of the gross milk composition of the two Antechinus species at different 
stages of lactation. Data are based on samples from free-living females and are 
presented as means± SD (sample size). 
STAGE OF LACTATION 
Milk Constituent Species 0-50 days 50-70 days 70-lOOdays 
Dry Matter A.swainsonii 18.3 ± 3.9 (3) 30.8 ± 6.0 (58) 40.7 ± 12.2 (26) 
(g/100 ml) A.stuartii 19.8 ± 3.8 (4) 29.2 ± 6.1 (12) 38.5 ± 5.9 (11) 
Hexose A.swainsonii - 6.8 ± 2.7 (44) 3.6 ± 3.2 (31) 
(g/100 ml) A.stuartii 5.0 ± 1.0 (4) 4.9 ± 1.8 (15) 5.3 ± 1.8 (17) 
Protein A.swainsonii - 12.8 ± 2.7 (18) 16.3 ± 7.1 (24) 
(g/100 ml) A.stuartii - 8.3 ± 1.9 (13) 8.5 ± 2.4 (9) 
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Table 3: The estimated milk and total energy intake for Aswainsonii 
young at different stages of lactation (different ages). Milk intake 
was calculated from the daily mass increment of young, which 
was measured in captivity and the crude growth efficiency 
(g body mass /ml milk) from Green et al. (1988). Energy intake 
was then calculated from the known energy content of 'field' 
milk (Figure 7). 
Stage of 
lactation 
(days) 
Mass of 
young 
(g) 
Early 0.4 
(25 days) 
Mid 1.0-2.0 
(50 days) 
Late 8.0 
(75 days) 
Peak 15.0 
(90 days) 
Energy content 
of milk 
(kJ/g) 
5.0 
7.5 
10.0 
15.0 
Mass 
increment 
(g/day) 
0.05 
0.19 
0.30 
0.44 
CGEt 
(g/ml) 
0.22 
0.32 
0.35 
0.37 
Estimated 
milk intake 
(ml/day) 
0.23 
0.30 
0.59 
1.19 
Esv·mated energy 
intake per young 
(kJ!day) 
1.2 
4.5 
8.6 
17.8 
---------------------------------------------------
t Crude growth efficiency (CGE) from Macropus eugenii (Green et al .1988), the CGE 
was taken from periods when the energy value of M.eugenii milk was comparable to the 
energy value of A.swainsonii milk. 
CHAPrER 4 
Weaning success in Antechinus swainsonii: energetics and behaviour 
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Introduction 
Variation .in female breeding success is substantial and may be 
influenced both by life history and environmental variability (Clutton-
Brock 1988). Breeding success of a female will be determined by the 
survival and condition of the female, and the number of young she weans. 
The breeding success in any given reproductive season, and over a whole 
lifetime are central to the issue of fitness and lifetime reproductive 
success, or how an animal is represented in future generations. 
Theoretical and empirical studies have suggested that an increase 
in current reproductive effort should have a negative effect on survival 
and future reproductive potential (Clutton-Brock 1988; Stearns 1976). This 
trade-off between current and future reproductive potential is often 
referred to as the 'cost of reproduction' (Stearns 1976). Energy can be used 
as a measure of reproductive output, and is assumed to be a critical factor 
in any trade-off between present and future reproductive effort (Calow 
1979). Therefore, the assumption is that each additional young a female 
produces will add to her energetic and reproductive costs. However, few 
empirical studies have attempted to relate the energetic cost of 
reproduction to the number of young produced (Calow 1979; Pianka 1976). 
Lactation is the period in which mammals experience the highest 
energy demands during reproduction (Chapter 2). For Antechinus 
swainsonii, most of the energy allocated during reproduction is expended 
during the last 25% of lactation (peak lactation) when the females' rate of 
energy expenditure exceeds predicted maximum limits (Drent and Daan 
1980; Peterson et al. 1990). The energetic investment in lactation, for 
A.swainsonii, is therefore a good measure of the total energetic 
investment in reproduction. In Antechinus, both females and young may 
suffer high mortality during this period. The proximate cause of female 
mortality during lactation may be either an inability to meet the increased 
energy demands of lactation, or increased susceptibility to external 
influences such as predation. In small mammals, home range size and 
quality, nest use, and patterns of dispersal influence female mortality in 
important ways (Cockburn 1988) and investment in a home range with 
adequate resources for reproduction may be critical in determining 
whether a female survives lactation. 
Work on captive mammals has shown that total energy intake is 
related to litter size (Genoud and Vogel 1990; Millar 1975; Randolph et al. 
1977). However, the energetic cost incurred with increasing litter size can 
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be determined by its effect on maternal metabolism. There has been only 
one study investigating the relationship between maternal metabolic 
energy expenditure and litter size in a free-living mammal (Kenagy et al. 
1990). Female Golden-mantled ground squirrels, Spermophilus 
saturatus, showed only a slight increase in respiratory energy 
expenditure (measured by the doubly-labelled water technique) with 
increasing litter size (Kenagy et al. 1989a). Therefore, although energy 
expended in milk export (and hence milk synthesis) was proportional to 
litter size, the total physiological cost or "differential maternal workload" 
associated with each additional young was minimal (Kenagy et al. 1990). 
In that study, it was suggested that habitat quality and individual 
differences in genetics and behaviour probably influenced the weaned 
litter size of individual females. 
In this study, the relationship between energy expenditure (as 
measured by the doubly-labelled water technique see Chapter 2) and 
weaned litter size is investigated in Antechinus swainsonii. Female 
A.swainsonii are more commonly iteroparous than other species in the 
genus, but generally breed no more than twice (Lee and Cockburn 1985; 
Lee et al. 1982). Therefore, in this study lifetime weaning success, in 
addition to weaning success in each breeding season, can be related to the 
energetic investment in reproduction. The value of energy as a currency 
for measuring reproductive costs can then be assessed. In addition to 
energetic investment, this study investigates patterns of behaviour 
including dispersal, and maternal home range as potential 
determinants of female survival and weaned litter size. 
Methods 
Trapping 
Animals were trapped using metal traps (Elliott Industries) baited 
with a mixture of peanut-butter and rolled oats, weighed(± 0.1 g, Pesola 
spring balance) and identified with a unique ear clip. Females were of 
known age or were aged by the condition of the non-reproductive pouch (in 
1987 and 1988). As the study began after females had given birth in 1986, 
the two cohorts of females (first and second year) could not be accurately 
determined in that year. 
Young were identified by toe clipping while they were still in the 
pouch (about 40 days old). Weaning success of the field animals was 
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established by intensive trapping around nest sites at the predicted time of 
weaning (100 days after birth). 
Radiotelemetry - time budgets and home range 
Information on home range and activity patterns of first and second 
year females was gathered using radiotelemetry. Animals were fitted 
with radiotransmitters, (150 - 151 :.MHz with a 6 cm whip antenna), using 
a nylon cable tie as a collar. Removal of the whip antennae from 
transmitters on females with pouch young avoided disturbing the young 
as collars sometimes slipped ventrally; reception from the transmitter 
remained adequate. The radiocollars weighed 1.4-1.6 g ( <5% of 
Aswainsonii weight and <10% of the weight of A.stuartii) and were never 
left on the animal for longer than 4 days. Animals were monitored 
continuously for 24-48 hours. Every 0.5-1 hour the state of the animal 
(active or stationary) was recorded to quantify individual time budgets. 
Nest sites and burrows were located using close range antenna. 
Home ranges were estimated by plotting the locations of individuals 
on a scaled map. Home range sizes and time budgets in the same months 
were compared using a paired t-test. The relationshiI)>between (i) weaned 
litter size and home range area and (ii) weaned litter size and time spent 
foraging at peak lactation were examined by linear regression. 
Maternal daily energy expenditure and water output 
Metabolic rates (CO2 production) and water flux of lactating females 
in the field and in captivity were measured using the doubly-labelled 
water technique (Chapter 2). Daily energy expenditure (DEE) was 
calculated from field metabolic rate (FdMR) measurements, assuming a 
respiratory quotient (RQ) of 0.8 and thermal coefficient of 25 J/ml CO2 
(Nagy 1983) (Chapter 2). The majority of energetic investment is during 
the last 3 weeks of lactation, or 'peak lactation'. Therefore, 
measurements of DEE and water flux during this period were used to 
examine the relationship between energy expenditure, water output and 
litter size in free-living (field) and captive females. Details of techniques 
and captive conditions are provided in Chapter 2. Free-living females had 
natural litter sizes in the pouch (8-10 young) and at weaning (2-7 young). 
Litters of some captive females were artificially reduced by removing 
young from teats in the first 10 to 35 days oflactation. 
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Weaning success- maternal factors 
The relationship between components of maternal phenotype (body 
mass, body condition and age) and weaning success were investigated to 
test the null hypotheses, (i) that females with larger body mass do not 
wean more young, (ii) that females in better condition (i.e. fatter females) 
do not wean more young and (iii) that younger females do not wean more 
young. 
These were tested using linear regressions and assuming the 
relationship between the factors and increasingly litter size were linear. 
Percent body water (measured by tritium dilution) was used as an index of 
body condition (Chapter 2). The percent body water is inversely related to 
percent body fat (Appendix 3). 
Teat number is a genetically controlled trait (Cockburn et al. 1983). 
The weaning success of females with varying teat numbers was compared 
to see how this genotypic variation influenced the number of young 
weaned. 
Results 
Population dynamics 
A.swainsonii population numbers and composition fluctuated in a 
predictable fashion over the three years of this study. Numbers of animals 
known to be alive on the study site were highest in June/July when 
animals immigrated from other areas (at the time of mating) and in 
November when young were weaned (Fig. 1). Trappability of individuals 
varied throughout the year, so the reported numbers of animals represent 
minima. During lactation trapping was intensive and individual females 
were trapped repeatedly. 
There were two cohorts of breeding females throughout the year with 
a consistent number of second year females in the population (3-4) (Fig. 2). 
Male offspring generally dispersed at weaning (November) and never 
remained till the following breeding season (June-July, Fig. 3). Female 
offspring were philopatric and at least one remained through the 
following breeding season. Most of the females on the- grid were 
mother/daughter pairs. 
The number of breeding females on the study site were consistent 
between years with 7, 6 and 6 females giving birth in 1986, 1987, and 1988 
respectively. Of these, only 4, 3 and 3 survived lactation to wean young 
(Table 1). Disappearance of females during lactation was attributed to 
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mortality. Neither cohort (1st or 2nd year) of females had a higher 
probability of surviving lactation. Of 19 females that gave birth to young, 9 
did not survive lactation; 1 died prior to dropping young in the nest, 3 died 
around the time of depositing young in the nest and 5 died during late 
lactation. 
Surviving females tended to be heavier during early lactation (65 ± 8.8 
g, n=lO) than those that subsequently died (58.9 ± 10.3 g, n=9), over the 
three seasons (Students t-test, t=l.89, p=0.07). In 1988, females that died 
during lactation were significantly lighter (56.5 ± 9 g, n=3) than those that 
survived (68 ± 8 g, n=3) (Students t-test, t=2.50, p=0.03). 
The relative proportions of breeding females with 8, 9 and 10 teats 
varied over the three seasons and there was no clear relationship between 
teat number and survival of the females (Table 2). 
Home ranges and nesting 
Females occupied long, narrow ranges along the edge of a creek and 
were limited to areas covered by the water fem, Blechnum nudum and 
leaf litter up to 30 cm thick (Fig. 4). Females were never tracked or 
trapped further than about 30 m from the creek, where there was little 
understorey vegetation and the habitat was drier. Nest sites were 
generally under fallen trees and tree stumps (one was in the bank of a 
road). Individual females used one or two nests (including the natal nest) 
through the year. 
Home range size estimated from trapping data was significantly 
smaller than that estimated from telemetry ( 30 to 107% of the telemetry · 
estimate; Table 3). Females were never trapped outside the home range 
defined by telemetry. In 1986, before telemetry was carried out, trapping 
data was used to estimate overlap of 'minimum range areas' between 
females to determine if females were sharing home ranges. 
Home range size, and the proportion of time females spent active, 
varied through the year (Figs. 5, 6). Linear regression between activity 
and home range size showed that females that spent more time active 
covered larger home ranges (Fi,32= 5.5, p=0.02 ). Females are most active, 
and have largest home ranges in May. They are least active, and have 
smallest ranges in September when the young are left in the nest. Home 
range size varied greatly and was not related to the age of the females. In 
any month when both cohorts of females were tracked, second year and 
first year females did not differ in the size of their home range areas or 
proportion of time spent active (Table 4). 
Prolonged association between mothers and daughters 
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Data from both trapping and radiotelemetry provide strong evidence 
for sharing of home ranges (Fig. 7) and nests (Table 5) by second year 
females and one of their daughters through the year. Four females 
weaned two or more daughters but in each case only one daughter 
remained with the mother during the following year. In one instance 
where both females were sharing a range up until the time the young 
were dropped in the nest the second year female moved to a new nest at 
the far edge of the range and the daughter remained in the natal nest. In 
other cases, where either member of the mother/daughter pair 
disappeared, the remaining female occupied the natal nest. 
Weaning success 
There was no linear relationship between the number of young 
weaned and the energy expended during peak lactation for either the 
captive or field females (ANCOVA, F1,14 =0.16, p=0.69) (Fig. 8). The 
average daily energy expenditure of nine free-living females .during peak 
lactation over three seasons was 230 ± 89 kJ which was about 70% above 
the DEE of non lactating females. Six captive females had a daily energy 
expenditure of 200 ± 59 kJ which was about 70% over the DEE of non-
lactating females. Peak energy expenditures did not differ significantly 
for the two groups of females. Captive females have lower 'field' metabolic 
rates than free-living females and their high DEEs are due to higher body 
masses compared with free-living females (Chapter 2). 
Water flux was positively correlated with litter size (ANCOVA, F1,12 
=31.9, p=0.0001) for both captive and free-living females (Fig. 9). The slope 
of the increase is not significantly different for the two groups of females 
(ANCOVA, F2,9 =0.87 p=0.45) and equals 4.13 ml per young. The intercept 
of the regression for field animals is significantly higher (ANCOVA, F1,12 
=110.8, p=0.001). As females are in water balance, the increased water 
output by free-living females corresponds to an increased water intake 
compared to captive females. 
There was no significant relationship between litter size and 
maternal mass, or maternal body condition(% body water) at mid-
lactation (when the young were dropped in the nest) or at weaning (Table 
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6). Females weaning larger litters had the same relative body water 
content as females that weaned smaller litters. First year females did not 
wean significantly more or less young than second year females (Students 
t-test, p=0.63). Females with 10 teats predictably weaned slightly more 
young than females with 9 or 8 teats, but the proportion of the litter that 
was weaned successfully was similar for the three groups (Table 2). 
There was no relationship between weaned litter size and home 
range area in early, mid or late lactation (1 factor ANCOVA, F2,s= 0.31, 
p=0.74). 
There was also no relationship between amount of time spent active 
by females during lactation and litter size in the pouch and at weaning. 
Sex ratios of offspring in the pouch were biased toward males (0.62; 
x2=4.85, p=0.03, n=91). Eight often litters were male biased, one litter was 
at parity, and one was biased toward females. 
Discussion 
Weaning success and energy expenditure 
Many studies of eutherian mammals in captivity have demonstrated 
that energy intake increases ~th litter size (Genoud and Vogel 1990; 
Mattingly and McClure 1982; Millar 1975). However, measuring energy 
intake does not identify what component of the energy budget of the 
animal is responsible for this increase. For example, milk export is likely 
to increase, but so also may costs of milk synthesis, digestion, foraging or 
thermoregulation. In this study, both water output and metabolic rate 
were determined in an attempt to ascertain whether large litters entail 
higher maternal metabolic costs. 
The mass of individual A.swainsonii young at weaning is 
independent of litter size (Chapter 3), so large litters require greater total 
milk production than small litters. Water output of females is an index of 
milk production and shows the same direct relationship to litter size for 
both captive and free-living females. Females were in water balance 
during this period (water influx= water efflux), the higher water output of 
the free-living females compared with that captive females is probably 
related to differences in environment and diet ( Chapter 2). For both 
females in captivity and the field, for every additional young weaned there 
was a 4.13 ml increase in water efflux which compares to the estimate of 
minimum milk production of about 2 ml per young calculated from the 
growth of the young (Chapter 3). 
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The DEE of animals, measured by the doubly-labelled water 
technique (Chapter 2) does not include the energy exported as milk 
(Kenagy et al. 1989a). However, it does measure all the energy expended 
in respiratory metabolism, including the maintenance requirements of 
the female, the energy expended in milk synthesis and associated 
foraging and digestive costs. As milk production increases with 
increasing litter size, there must be increased energy expenditure in milk 
synthesis. An increment of 2-3 ml of milk for each young corresponds to a 
increased energetic cost of milk production of about 24 kJ/day (calculated 
as in Chapter 2) which is a significant proportion of the daily energy 
expenditure of a lactating female. The extra digestion costs required for 
milk production per young at its peak can be estimated (as in Kenagy et 
al., 1990) as 4 kJ/day, based on a 25 kJ/day/youngincrease in metabolisable 
energy intake (Chapter 2) and assuming that the heat increment of 
digestion amounts to 15% metabolisable energy (Kleiber 1961). This 
represents a relatively insignificant proportion (2 %) of the DEE of 
females. Females have to eat more to meet the demands of increased milk 
production. However, analysis of time budgets shows that time spent 
foraging was independent of litter size and therefore extra energetic costs 
of foraging for each additional young must have been relatively small. 
Despite increased energy expenditure in milk production, the total 
amount of energy a female expended in respiratory metabolism (maternal 
physiological workload) during peak lactation was independent of weaned 
litter size. This is surprising considering the size of the increase· in milk 
production necessary to support the biomass production of offspring as 
litter size increases from two to eight. This implies that the females with 
larger litters must be in some way more 'efficient'. This efficiency may be 
due to the influence of a range of factors both inherent in the female and 
external in the environment that differ between individuals. Kenagy et al. 
(1990) suggests that a female may save energy as litter size increases due 
to the reduction in the heat requirement per pup associated with the 
greater heat capacity of larger litters. However, young A.swainsonii are 
homeothemic by peak lactation (Chapter 3) and it is unlikely that this will 
be a major saving. 
In the only study comparable to this one, Kenagy et al. (1989a),, 
examined the relationship between DEE at peak lactation and litter size in 
golden-mantled ground squirrels. In that study, as for A.swainsonii, 
water output increased with increasing litter size but S .saturatus females 
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also showed a slight increase in DEE (10%). The different relationship 
between DEE and litter size in S.saturatus and A.swainsonii may be due to 
differences in the extent to which female 'efficiency' determines weaned 
litter size. There was much variation between the DEE of individual 
female S.saturatus at a given litter size and it is possible that a significant 
trend between DEE and litter size in Aswainsonii would be revealed with 
a larger sample size. 
What limits the number of young weaned by individual females? 
Although female A.swainsonii generally begin lactation with the number 
of pouch young equal to the number of teats available, they wean only 40-
50% of these young and this implies that females are in some way limited 
in their reproductive output. This is further supported by the fact that 
females do not compensate for small litters by weaning larger young 
(Chapter 3). Litter reduction may be related to energetic restrictions on 
the females (Chapter 3) and may be effected by natural attrition of young 
(through reduced milk production), but females could also actively reduce 
the litter by cannibalising young (Cockburn 1990). One of the possible 
limits to reproductive performance is the maximal daily level of energy 
expenditure. Drent and Daan (1980) suggest that the daily level of 
metabolic work that can be sustained for an extended, energy intense 
period (such as that of parental care), for an animal living under natural 
conditions, is limited to about four times basal metabolic rate (BMR). A 
more recent review has put maximum sustainable energy expenditure of 
animals at 6-7 times BMR (Peterson et al 1990). The average DEE of 
female A.swainsonii during peak lactation is up to 9 times BMR and is 
exceptional in exceeding both these predicted 'limits'. 
Drent and Daan (1980) suggest that "the constraint of maximal food 
intake rate could underlie the concept that homeotherms in general 
experience a limit to sustainable energy expenditure". Maximal energy 
intake may limit the reproductive output of golden mantled ground 
squirrels (Kenagy, et al. 1990). Including the energy expended in both 
respiratory metabolism and milk export, the predicted intake of 
Antechinus during peak lactation has been shown to exceed maximal 
rates of energy intake intake of around 3.6xBMR for a mammal (Chapter 
2; Kirkwood 1983). It is certainly conceivable that these extremely high 
rates represent a ceiling for Antechinus; female A.swainsonii may be 
working to maximum capacity, which may in turn be determined by food 
intake rates. 
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Two females that were followed over consecutive breeding seasons 
both showed inter-seasonal variation in peak and total energy expenditure 
(Chapter 2). Thus females may not be working to a general metabolic 
limit but to an individual limit which may be influenced by a variety of 
factors including, phenotypic and genotypic factors. Indeed, there are 
numerous examples of the life history patterns being masked by 
phenotypic differences in females which affect weaning success (Clutton-
Brock 1988). Individual females may be producing the optimal number of 
young for a given set of circumstances, and deviation (either increase or 
decrease) from this 'individual optimum litter size' may result in a 
reduction in reproductive success (Petti.for et al. 1988). In this study, 
phenotypic differences between female A.swainsonii such as body mass 
and body condition (lean body mass) were not related to weaned litter size. 
However, differences in weaning success could be genetically based. 
Weaning success of A.stuartii has been related to teat number, a 
genetically controlled trait (Cockburn et al. 1985). Females with eight and 
ten teats are more successful than females with nine teats (A.Cockburn, 
pers. comm). This may be a reflection of genetic differences between the 
females and "hybrid incompetence" of the nine-teated females. The 
sample in this study was too small to attempt such an analysis. The 
captive data suggest that differences between individual females may be 
important influences on weaning success. However, influences on 
weaning success in these females should not be extrapolated to the field 
females, particularly as litter size was manipulated in the captive 
females. There are several additional maternal factors (e.g. pathogen or 
parasite load of females, Davidson 1989) that were not examined in this 
study, which could also be involved in determining the quality or efficiency 
of a female and her weaning success. 
Other factors infiuencing weaning success 
Individual variation in reproductive output may be related to habitat 
quality, particularly where energetic constraints limit reproductive 
performance (Kenagy et al. 1989). Although there was no simple 
relationship between home range size and weaning success, there are a 
number of reasons why environmental influences (e.g. habitat) on 
weaning success in A.swainsonii at this site are probably considerable. 
Over the three years of the study, the number of females on the site 
giving birth (6 or 7), and the number weaning young (3 or 4) was 
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remarkably constant. About 20% of females on the site early in the year 
(May) disappeared before reproducing, but most (50%) died during 
lactation, particularly in late lactation, when females experience acute 
energy demands, and may need to eat the equivalent of their body mass in 
insects each day (Chapter 2). Females breeding on the site were typically 
members of a mother/daughter pair. In all years, only one of each of 
these pairs survived lactation and on one occasion neither survived. 
Females have specific nesting requirements, which may mean that 
nest sites become a limited resource. Around the time the young are left 
in the nest (September), females spend relatively more time in the nest 
with their young, and consequently activity and home range size are 
reduced. Energy demands associated with lactation are probably 
increasing (Chapter 3) as the young are growing rapidly. Therefore, 
females must acquire all their energy requirements in a small area. 
Although lactation and weaning of young may coincide with peak food 
abundances (Dickman 1983; Lee et al. 1977), the number of females 
surviving lactation may be determined at the time of greatest discrepancy 
between resource availability and energy demands and this may occur at 
times other than peak lactation; for example, at the time the young are 
dropped in the nest. The extent of this 'discrepancy' may vary between 
habitats. Survival of lactating females also varies between sites (Chapter 
5). The consistent pattern of survival of only one of a pair of females 
sharing a range suggests that resources on home range are only adequate 
for supporting a limited number of females. Two other observations lend 
support to this idea. 
First, in Antechinus, sons generally disperse whereas females are 
philopatric (Cockburn et al. 1985a). This may lead to competition between 
kin (in this case mothers and their daughters) for resources, which will 
reduce reproductive success or survival (Clark 1968). Local resource 
competition can lead to sex ratio biases favouring the dispersing sex 
(Bulmer and Taylor 1980; Johnson 1988). In this study, the sex ratio of 
offspring was strongly male biased (0.62; n=91). Eight out of ten females 
produced male biased litters. The extreme male bias in offspring sex ratio 
in a relatively small sample lends support to the idea that females 
minimise competition for resources on their home range. 
Second, in all A.swainsonii females weaned more than one 
daughter, but only one daughter ever shared the home range and nest 
with its mother. The extreme nature of this attrition, and the absence of 
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such a pattern in sons makes mortality of daughters an unlikely 
explanation. Competition between kin for local resources may better 
explain this unusual pattern. As it is likely that resources (nest and food) 
are limited during lactation, one daughter may be the maximum number 
that the mother can afford to share a range with. Females have been 
reported to actively eject sons from the nest at weaning (Cockburn et al. 
1985b), and may behave similarly toward 'surplus' daughters. 
Successfully breeding females belonged to one of three matrilines 
that occupied the three main home ranges. In A.swainsonii, home 
ranges are extremely important, and females invest in maintaining kin 
on particular home ranges and in nest sites. Female philopatry is 
predicted to occur when females invest heavily in areas that provide 
adequate resources for reproduction (Cockburn 1988). Radiotelemetry 
shows that pairs of females nest and forage together and their home 
ranges and time budgets are not significantly different. The 
mother/daughter association through the year may culminate in the 
"breeding dispersal" (Cockburn 1988; Harris and Murie 1984) by the older 
female, vacating the natal nest for her daughter. If habitat quality is 
linked to weaning success, daughters will benefit substantially from 
inheriting the home range of their mothers. In addition, young females 
learn runways and foraging sites in a natal home range without the cost 
and risk of establishing new nest sites and foraging ranges. Mothers 
presumably benefit from investment in their daughters through an 
enhanced likelihood of grandoffspring through the success of her 
daughter. 
In free-living females, foraging costs do not increase substantially 
with litter size, so foraging efficiency must increase. This may be 
achieved by better foraging performance and/or better quality home range. 
Home range quality could not be measured; instead home range size was 
compared. The small sample shows that two females with litters of five 
ranged further than a female with a litter of three. The range areas of the 
three females corresponded to 0.05 hectares per young. It is possible that 
the 'quality' of the ranges of the three females was similar but that the 
females with larger litters were more efficient foragers and could cover a 
larger area in less time, at lower energetic cost. Both females with larger 
litters were second year females, while the female with the small litter 
was in her first year. Although age and 'efficiency' may be two directly 
related components of female quality affecting her weaning success, life-
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history theory generally predicts a negative correlation between longevity 
and breeding success (Clutton-Brock 1988). In this study, there was no 
relationship between weaning success and age in a given reproductive 
season although iteroparous females weaned in total more young than 
semelparous females. Therefore, there were marked differences between 
the lifetime reproductive success of individual females. 
In the context of life-history theory, energy has been proposed as a 
key measure of reproductive output, and a critical factor in any trade-off 
between present and future reproductive effort (Bell 1980; Calow 1979; 
Fisher 1930). The non-significant relationship between "maternal 
workload" and litter size suggests that survival and future fecundity are 
not likely to differ among Antechinus females due to maternal workload 
at peak lactation. While energy may indicate the limits within which an 
animal must produce young the energetic investment may not be directly 
related to the number of young. Rather, it appears that there are complex 
interactions between behavioural investments, energetic investments and 
female quality and habitat quality which affect the survival and weaning 
success of females. 
Conclusions 
This study shows that females vary markedly in seasonal weaning 
success and lifetime reproductive s_uccess. Little of this variance is 
explained by energy expenditure, measured as metabolic rates. Females 
may be working to maximum energetic capacity and several variables, in 
particular those relating to female quality and habitat quality, influence 
weaned litter size. The extreme energy demands of lactation promote 
behavioural investments such as range sharing, nest fidelity, breeding 
dispersal and avoidance of local resource competition, which improve the 
survival of the female, and her weaning success. These factors are 
worthy of more investigation. In particular, the relationship between 
energetic investment in reproduction and 'fitness' requires more 
extensive analysis. Antechinus is a good model for pursuing these 
questions further because variables such as age, previous and total 
reproductive history, can be measured. 
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Figure 1: Seasonal changes in numbers of male and female A.swainsonii over three years at Blundell's Creek, ACT. 
(Data are cumulative) 
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Figure 2: Seasonal changes in composition of female population of 
A.swainsonii at Blundell's Creek, ACT over three years 
(1986-1988). Filled squares are related first year females 
(daughters of resident females), open triangles are unrelated 
first year females (immigrants) and open circles are second 
year female residents. 
Figure 3: Seasonal changes in composition of male population of 
A.swainsonii at Blundell's Creek, ACT, over three years 
(1986-1988). Filled squares are related males (offspring of 
resident females) and open triangles are unrelated males 
(immigrants). 
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Figure 4: Blundell.sCreek study site, showing the approximate home 
ranges and nest sites of female A.swainsonii. Dotted lines 
indicate limits to individual home ranges, which are denoted by 
letters (A-E). Generally home ranges were confined to the 
westerly side of the creek. The locations of the main nest sites 
are shown as circles and numbers. Details on home ranges and 
nest sites are provided in Figure 7 and Table 4. 
Figure 5: Seasonal changes in home range areas of female A.swainsonii 
at Blundell's Creek, ACT. Females are lactating during 
August to November, and they deposit their pouch young in a 
nest in mid-September. 
Figure 6: Seasonal changes in time budgets of female A.swainsonii at 
Blundell's Creek, ACT. Females are lactating during August 
to November, and they deposit their young in a nest in mid-
September. 
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Figure 7: Diagrammatic representation of inheritance and sharing of 
home ranges by female A.swainsonii at Blundell's Creek, ACT 
over three years (1986-1988). The numbers identify individual 
females. Bold type denotes second year females, plain type first 
year females. Solid arrows represent survival to a second year 
of breeding, continuing residence in a home range. Broken 
arrows represent daughters of residents sharing a home range. 
Capital letters (A-E) refer to the home ranges illustrated in 
Figure 4. 
Figure 8: Relationship between daily energy expenditure (kJ) of 
individual females during peak lactation and the number of 
young they wean. Solid circles represent data from field (free-
living) females and open circles represent data from captive 
females. 
Figure 9: Relationship between daily water output (ml) of individual 
females during peak lactation anq the number of young they 
wean. Solid circles represent data from field (free-living) 
females and open circles represent data from captive females. 
The significant linear regressions for the field females 
(y=40.7 + 4.13x) and captive females (y=7.5 + 4.13x) are 
illustrated. 
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Table 1: Summary of the survival and weaning success of female A.swainsonii at Blundell's Creek over three years. 
Year 
Where ages of females were not known (denoted by an asterix), they were estimated on the basis of survival 
to the next breeding season. · 
MID-LACTATION (50 days) I WEANING (100 days) 
N 2• Females Total Teat No. Total PY No. Females N 2.young 
weaned 
Weaning Mammary Gland First year: second 
success : Young ratio year females 
------------------------------+---------------------------------------------------------
1986 7 66 61 4 15 44% 2.3: 1 3: 1* 
female teat no. ( 9 ,10) 
1987 6 58 56 3 11 35% 2.6: 1 3:0 
female teat no. (9 ,10) 
1988 6 55 45 3 13 50% 1.7: 1 1:2 
female teat no. (8, 9, 10) 
----- - - ------ - ---------+----------------- - - ------- --------------- ----------------
...... 
0 
~ 
Table 2: Survival and weaning success of female A.swainsonii in 
relation to teat number of individual females. 
--------------------------------------------------
Teat 
Number 
No. No. surviving 
females 'lactation 
No. young Weaning 
weaned success 
(young per female ) 
% 
weaning 
success 
--------------------------------------------------
10 
9 
8 
10 
7 
2 
5 
4 
1 
21 
15 
3 
4.20 
3.75 
3.00 
21 
24 
19 
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Table 3: Annual home range area estimates from trapping data and 
radiotelemetry for individual females. 
Year 
1987 
1988 
paired t-test 
Total Home Range Area (ha) 
from trapping 
0.31 
0.29 
0.12 
0.31 
0.19 
0.28 
0.11 
0.06 
from radiotracking 
t.=3.24, p<0.05 
0.39 
0.27 
0.20 
0.37 
0.44 
0.69 
0.33 
0.20 
-------------------------------------------
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Table 4: Seasonal time budgets and home range sizes for two cohorts of 
females, first year females or daughters (FY) and second year 
or mothers (SY). 
-------------------------------------------------
% Time Active Home Range Area (ha) 
Month FY SY FY SY 
1987 
May 51.0 51.0 0.25 0.23 
July 47.5 52.0 0.15 0.17 
September 22.5 25.5 0.06 0.06 
1988 
July 47.5 34.0 0.12 0.19 
40.0 60.0 0.16 0.08 
August 44.0 37.0 0.11 0.14 
Paired t-test P--0,81,ns P--0.88,ns 
-----------------------------------------------
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Table 5: Communal and solitary nests used by mother/daughter pairs 
of A.swainsonii throughout the year. Nests are numbered as in 
Figure 4 and the females are identified by numbers (underlined 
numbers refer to mothers). Females are not lactating in May, 
June and July. Females are carrying pouch young in August 
and the nests used in September and October are where the 
pouch young were left. 
----------------------------------------------
Month/Year Communal Females Other nests used 
nest by individual 
----------------------------------------------
1987 
May 5 fil 6 
10 
July 4&3 74 
14 
September fil 6t 
10 5 
November 10 5 
1988 
May 5 1Q 
25 
June 5 1Q 
25 
July 7 15. 
00 
2 22 
a) 
5 10 
25 
August 7 15. 
00 
2 22 
20 
September & 1Q 5* 
October 22 2 
5 1 
00 7** 
-------------------- -
------------------------
Underlined type denotes mothers (second year females). 
t breeding dispersal 
*daughter died, mother remained in natal nest 
**mother died, daughter remained in natal nest 
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Table 6: Relationship between maternal age, mass and condition and 
weaned litter size. Values of maternal mass and condition were 
taken at mid-lactation (about 50days) when the young are left in 
the nest and at weaning (100 days). Maternal condition is shown 
as % body water. Age of females is shown as first year (FY) or 
second year (SY). Where age was not known (denoted by an 
asterix) it was estimated on the basis of survival to the next 
breeding season. 
----------------------------------
MATERNAL 
Year Weaned litter Age mass conditionl 
size mid wean mid wean 
----------------------------------
1986 
7 FY* 63.0 60.0 74 
4 FY* 62.0 61.0 57 78 
3 FY* 57.0 61.5 76 83 
2 SY* 64.0 57.0 
1987 
4 FY 58.0 66.5 75 73 
4 FY 61.0 60.0 76 
3 FY 58.0 64.5 73 75 
1988 
5 SY 71.5 72.5 68 72 
5 SY 67.5 70.0 71 74 
3 FY 56.5 62.0 71 72 
Significance t ns ns ns ns 
p value (0.28) (0.27) (0.44) (0.08) 
1 % body water was used as a estimate of body condition as it is direct~y 
related to lean body mass and inversely related to % body fat (Appendix 3) 
f significance was tested using linear regression between litter size and 
maternal mass and condition. 
CHAPl'ER 5 
Energetics of free-living A.swainsonii and A.stuartii in three 
environments, across an altitudinal gradient 
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Introduction 
The energy and water metabolism of animals may be influenced both 
by external factors, such as climatic variables and availability of 
resources, and by behavioural and physiological changes associated with 
their life-history. Environmental effects have been demonstrated by 
intraspecific comparisons of metabolic rates of animals between sites 
(Yahav et al. 1989) and association between environments and certain 
metabolic characteristics (Degen et al. 1986). Seasonal changes in field 
metabolic rates (FdMR) and water fluxes have also been reported in many 
studies of free-living animals (Nagy 1987). 
Elevational gradients and the associated changes in climate are 
particularly useful for examining intra-specific responses of mammals to 
differing conditions. While many studies have examined differences in 
adult survival, growth, activity and breeding over elevational gradients 
(Millar and Innes 1985), few studies have investigated to what extent field 
water fluxes and energy expenditure change in a species over an 
elevational gradient. 
Antechinus, a genus of small, insectivorous marsupials, is a 
valuable model for examining intraspecific variation along elevational 
gradients, since the number of teats of females increases with altitude 
(Cockburn et al. 1983), and seasonality of environment has been cited as 
the ultimate cause of this variation (Cockburn et al. 1983). Teat number is 
probably a genetically controlled trait (Cockburn et al. 1983) and so 
differences between populations may reflect genetic, as well as phenotypic 
responses to the environment. The simple life history of Antechinus (Lee 
and Cockburn 1985) facilitates ageing of cohorts, and eliminates the 
problem of age biases in the sampling common to many inter-
populational studies. 
Over their elevational range there are other genetic, morphological 
and behavioural changes in both species of Antechinus. The body mass of 
A.swainsonii decreases with altitude and consequently the body masses of 
the two species converge at higher elevations (Green 1988). Increasing 
altitude delays the onset of reproductive events in both species, especially 
in A.swainsonii (Dickman 1982). At high altitudes the two species breed 
and wean young during the same months, but at coastal sites breeding 
commences earlier and at different times for the two species (up to 4 
months earlier in A.swainsonii; 5 weeks in A.stuartii). Reproduction is 
probably timed so peak lactation demands coincide with the flush of insect 
abundance in spring and summer (Lee et al. 1977), but may also be 
influenced by competition between the two species (Dickman 1982). 
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In this study, seasonal trends of body mass, FdMR, water flux and 
energy expenditure of two species of free-living Antechinus were 
examined at three sites varying in elevation; Nadgee Nature Reserve (0 
m, 37°25'8 149°54'E), Brindabella Ranges (800 m, 35°20'8 148°25'E) and 
Kosciusko National Park (1750m-1960m, 36°25'8 148°23'E). Antechinus 
swainsonii and Astuartii are generally sympatric in these regions. 
A.stuartii is more common than A.swainsonii at low altitudes (Newsome 
and Catling 1979) whereas the converse is true for high altitudes (Green 
and Osborne 1979). Above 1800m, only A.swainsonii is present (Green 
1988). At the high altitude habitat snow is present for 4-5 months of the 
year. Although Antechinus go into torpor, they do not hihernate (Geiser 
1988) and remain active year-round as they do at lower elevations. The 
energy expenditure during lactation by Antechinus at Brindabella (800 m) 
is extremely high (Chapter 2). Therefore, physical and physiological 
changes during lactation in the three populations are compared to 
determine if there are differences in investment in lactation-in terms of 
energy and body mass of young. 
Methods 
Field sites 
The species, sites and years of study are summarised in Table 1. 
Four-year means (1982-1986) in monthly minima and maxima of 
temperature, and monthly rainfall at the three sites are summarised in 
Fig. la, b, c. These years include the years of the study and represent the 
most continuous meterological data for Brindabella. The mean annual 
range in temperature (maximum-mean minimum) was 8.7°, 9.9° and 
5.3° for Kosciusko, Brindabella and Nadgee respectively. The mean 
annual rainfall was 140 mm, 111 mm and 49 mm for Kosciusko, 
Brindabella and Nadgee respectively. These range measurements 
provide an index of seasonality of the environment. The variation in the 
climate or predictability of the climate was calculated as statistical 
variance around means for particular months over the five years (sensu 
Zammuto and Millar 1985, Table 2). 
The timing of mating, birth and weaning at the three sites is 
summarised in Table 3. The schedule of events were similar for animals 
at Nadgee and Brindabella , but Antechinus at higher altitudes 
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(Kosciusko) bred 1-2 months later. At the lower elevations the two species 
breed 5-6 weeks apart (A.swainsonii breeds earlier) whereas at high 
elevations the two species breed at a similar time (Dickman 1982; Green 
1988). 
Trapping 
Animals were trapped overnight in metal traps (Elliott Industries) 
baited with a mixture of peanut butter, rolled oats (and honey in winter). 
Non-absorbent cotton wool, or 'dacron' was placed in traps for insulation 
for the animals. Animals were identified with a unique ear clip, and 
were weighed to nearest 0.1 g using a Pesola spring balance. 
Field metabolic rate and water fiux 
CO2 production (or field metabolic rate, FdMR) and water flux were 
measured using the doubly-labelled water (DLW) technique (Lifson and 
McClintock 1966; Nagy 1975). The injected isotopes are in isotopic 
equilibrium with the body water of the animal. Tritium is lost as water, 
while 180 is lost both as water and respired CO2. The decrease in total 
counts of tritium measures the water turnover of the animal; the 
· difference between the rate of decrease in total counts of 3H and 180 is 
used to calculate CO2 production. A blood sample (75-200 µl) was taken 
from the suborbital sinus immediately upon capture for measurement of 
background isotope levels. The animal was injected with 0.1 ml of 
tritiated water (70 l\IBq) and 0.1 ml of H2 18 0 (97% enriched). After 2-3 
hours the isotope was equilibrated with the body water pool (B. Green, 
pers comm.), and another blood sample was taken before the animal was 
released. Animals were trapped again 3-4 days later, weighed and a final 
blood sample taken. This blood sample was generally taken within 
multiples of 24 hours (± 2 hours), to eliminate potential artifacts due to 
circadian variation in metabolism. The maximum turnover time was 72 
hours; after this period, the level of 18 0 in the animals was usually 
equivalent to background, although there were still relatively high (over 
lOOOx background) levels of tritium in the animals. 
Blood was collected in heparinized microhaematocrit tubes which 
were then flame-sealed. To extract the water from the blood, blood 
samples were subjected to heat distillation under reduced pressure in 
Pasteur pipettes. Tritium in the distilled water samples (5 µl aliquots in 
an Aquasol cocktail) was assayed by liquid scintillation counting 
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(Beckman liquid scintillation counter). Oxygen-18 in distilled samples 
was determined by isotope ratio mass spectroscopy; 20 µl aliquots were 
placed in Urey tubes together with a standard charge of CO2 and 
incubated overnight at 80° C. The CO2 charge was removed and analysed 
(V.G. Isogas 903 isotope-ratio mass spectrometer). Metabolic rates and 
water fluxes were calculated using Nagy's (1980) modifications of the 
equations of Lifson and McClintock (Lifson and McClintock 1966), 
assuming any changes in body mass were linear. 
Total body water was estimated from the dilution of injected tritiated 
water by comparison with standard dilutions. The total body water pool is 
inversely related to the amount of body fat inAntechinus (Appendix 3). 
Percent body water was used as an index of body condition, such that low 
percent body water indicated relatively better condition than high percent 
body water (Appendix 3). 
There was no significant difference between water influx and efflux 
rates for A.swainsonii (Students paired t-test, p=0.558), so the animals 
were in water balance (water influx= water efflux). The water influx and 
efflux rates of A.stuartii were significantly different (Students paired t-
test, p=0.0001); water efflux rates were higher than influx rates. 
However, the difference between influx and efflux rates represented only 
0.2 - 2. 7% of the mean daily water intake. This is within the 10% error 
margin of the technique (Nagy and Peterson 1988; Appendix 2). Therefore 
water influx measurements were used to indicate the water flux of the 
animal. 
Antechinus are carnivorous with arthropods forming a major part 
of the diet (Dickman 1983). The predominant available energy source is 
protein with some fat. It was therefore assumed that a respiratory 
quotient (RQ) of 0.8 prevailed, with a thermal equivalent of 25 kJ.L-1 CO2 
(Kleiber 1975). This was assumed to be constant through the year for 
estimation of daily energy expenditure (DEE) from the CO2 production 
measurements. FdMR (ml C02.g·1.h·1) and water flux (ml.kg·1.day·1)are 
expressed as mass specific measurements, whereas DEE (kJ.day -I) and 
water intake (ml.day·1) are 'whole animal' measurements. 
Feeding rates were calculated from the DEE and water influx 
measurements of free-living Antechinus. Calculations were derived 
from dietary composition, assuming 3.21 ml preformed water and 0.51 ml 
metabolic water per gram dry matter and 19.8 kJ metabolisable energy 
per gram dry matter (Nagy et al. 1978; Nagy 1983). 
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The effect of season and gender on body mass, body condition, Fd.MR, 
water flux and energy expenditure was analysed within and between 
sites. Where within-site comparison revealed no significant differences 
between sexes, data from both sexes were pooled for between-site 
comparisons. Unless stated otherwise, comparisons were made using 
analysis of variance (ANOV A), with one and two factors. Fisher's 
protected least squares difference (PLSD), tested significance at 95% level. 
In comparisons between sites, direct monthly comparisons are 
unlikely to be biologically meaningful, since reproduction is staggered. 
Data for early November and late January for A.swainsonii females 
coincide with early lactation and weaning. These months were treated as 
"reproductively equivalent" to early August and early November at 
N adgee and Brindabella for between-site comparisons. Comparative data 
for male A.swainsonii at the study sites were limited to May, June and 
July. 
Detailed seasonal patterns of Fd.MR and water flux for the 
Brindabella site have been illustrated previously (Chapter 2). In this 
paper, comparisons between Brindabella and other sites used some (but 
not all) data discussed previ9usly, e.g. FdMR and water flux were 
measured at two times during August, October and November in the 
Brindabella females, but only data from equivalent times (late August, 
early October and early November) were used for comparisons with 
Nadgee. 
Results 
Sex related differences; Intra-site and Inter-site comparison 
(i) A.swainsonii (Table 4) 
Males were significantly heavier than females. At Nadgee, males 
were about 8% heavier than females, at Brindabella males were 35-63% 
heavier than females and at Kosciusko in winter males were 14% heavier 
than females. On average Brindabella males were heavier (84.8 ± 10.4 g, 
n=13), than males from Nadgee (61.3 ± 10.4 g, n=14) or Kosciusko (49.2 ± 
10.4 g, n=3 (F2,21 = 27.1, p=0.0001). 
Males at Nadgee had significantly higher water fluxes than females 
in May (F1,26 = 11.7, p=0.002). The reverse was true at Brindabella during 
May and June. During winter, water fluxes of males from Brindabella 
did not differ from those at Kosciusko. 
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Brindabella females in May had significantly higher FdMRs than 
males, but this was not the case a little later in June. Males and females 
did not have different FdMRs during winter at Kosciusko. Despite having 
lower FdMRs than the females, males at Brindabella have significantly 
higher (F1,21 = 7.85, p=0.01) daily energy expenditures (185 ± 34 kJ, n:::13) 
than do females (150 ± 31 kJ, n=13) during May and June because of their 
greater body masses. At Kosciusko, there was no difference in the DEEs 
of males (179 ± 59 kJ, n=3) and females (174 ± 45 kJ, n=3) during winter. 
(ii) Astuartii (Table 5) 
In May, males were 34% and 38% heavier than females at Nadgee 
and Brindabellas respectively. However in the mating season (August) 
the males were 29% and 70% larger than females at Nadgee and 
Brindabella respectively. There was a trend for males to be heavier at 
Brindabella than at Nadgee in May (F1,1G=3.6,p=0.08) and this was 
significant in August (F1,ia=26.8,p=0.002). There was no difference 
between body condition or water influx rates of males and female 
A.stuartii at either site. In August males had higher FdMRs than 
females at both sites but this was only significant at Nadgee. At Nadgee, 
males had significantly higher (F1,11 = 34.9, p=0.0001) DEEs in both May 
and August (100 ± 23 kJ, n=6) than females (50 ± 14 kJ, n=13). At 
Brindabella males were also expending more energy on a daily basis (100 
± 32 kJ, n=4) than females (66 ± 18 kJ, n=18; F1,36 = 14.5, p=0.0005). No 
significant difference in DEE was found between males at the B~ndabella 
and Nadgee sites. 
Inter-site comparisons of seasonal patterns 
Between site comparisons are based on data from females only. 
( a) Non reproducing 
(i) A.swainsonii (May) (Fig. 2a). There was no significant difference 
in the body mass, body condition or water flux between females at N adgee 
and Brindabella. 
(ii) A.stuartii (May) (Fig. 3a). Brindabella females were heavier 
(16.6 ± 1.6 g) than Nadgee females (14.9 ± 1.6 g) in May (F1,11 = 4.7, p=0.04). 
However, there was no significant difference in body condition, water flux 
or FdMRs between females at the two sites. 
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(b) Mating 
(i) A.stuartii (August) (Fig. 3b). Females were heavier at 
Brindabella (22.3 ± 1.8 g) than at Nadgee (18.0 ± 2.8 g; FI,I2 = 7.6, p=0.002) 
There was no significant difference in the body condition and water flux 
between females at the two sites. FdMRs ofBrindabella females (6.38 ± 
0.92 ml CO2 g-I.h·I) tended to be higher than those ofNadgee 
females (FI,I2=4.3, p=0.059). 
(c) Early lactation 
(i) A.swainsonii (Fig. 2b). Early lactation occurred in August at 
Brindabella and Nadgee, and November at Kosciusko. There was no 
significant difference in the body mass and water flux rates between 
females from the three sites during the period of early lactation. Females 
at Kosciusko had a lower percentage body water (69.0 ± 4.9) than females 
at Brindabella (75.9 ± 7.7) and Nadgee (78 ± 5.7; F2,23 = 4.7, p=0.02). The 
Kosciusko females also had higher FdMRs (5.70 ± 2.83 ml CO2. _g-I.h-I) 
than females at Nadgee (3.31 ± 1.04 ml C02 .. g-I.h-I,F2,20 = 2.9, p=0.03). 
There is a tendency for females at Brindabella to have higher FdMRs that 
at Nadgee (F2,20 = 2.9, p=0.08). 
(ii) A.stuartii (October) (Fig. 3c). There was no significant difference 
in the body mass, water flux and FdMR of A.stuartii females at 
Brindabella and Nadgee during early lactation (October). Females at the 
Brindabella site had a lower percentage body water (68.8 ± 7.6) than 
females at Nadgee (82.7 ± 6.9; FI,I5 = 15.1, p=0.002). 
( d) Mid-lactation 
(i) A.swainsonii (October) (Fig. 2c). There was no significant 
difference in the body mass , body condition and FdMRs between females 
at Nadgee and Brindabella during mid-lactation (October). Brindabella 
females had higher water fluxes (758 ± 180 ml.kg-I.day-I) than females at 
Nadgee (539 ± 127 ml.kg-I.day-I; FI,9 = 5.6, p=0.04). 
(ii) A.stuartii (November) (Fig. 3d). There was no difference in body 
mass and FdMR between females at Brindabella and Nadgee during mid-
lactation. However, females at Nadgee appeared to be in better condition 
and had lower percent body water (69.9 ± 4.9) than females at Brindabella 
(78.7 ± 6.2; F 1,11 = 8.1, p=0.02). There was a trend for females at 
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Brindabella (7 43 ± 246 ml.kg-1.day-1) to have higher water flux rates than 
females at Nadgee (569 ± 112 ml.kg-1.day-1; F1,15 = 4.2, p=0.06). 
(e) Weaning 
A.swainsonii (Fig. 2d). Weaning occurred during early November 
at Nadgee and Brindabella and late January at Kosciusko. Kosciusko 
females (64.6 ± 2.lg) and Brindabella females (66.4 ± 2.1 g) were heavier 
(F2,1s = 7.4, p=0.005) than Nadgee females (54.5 ± 7.4 g) at the time of 
weaning their young but all females had similar percent body water. The 
Kosciusko females had higher FdMRs (6.48 ± 2.3 ml C02.g-1.h-1) than the 
Nadgee females (3.6 ml C02.g-l.h-l; F1,11 = 3.2, p=0.05). There was no 
difference in body condition and water flux between the three groups. 
(f) Winter 
During winter at Brindabella A.swainsonii females were pregnant 
and no comparable data for pregnant Kosciusko and Nadgee females 
were collected. As pregnancy has little effect on the FdMR and water flux 
of free-living females (Chapter 2) and winter is a significant season for 
free-living animals (see discussion), a direct comparison was made 
between data for winter at Brindabella and Kosciusko. 
(i) A.swainsonii (July) (Fig. 4a). Females at Brindabella were 
heavier (64.5 ± 7.9 g) than females at Kosciusko (39.5 ± 1.8 g) in July 
(p=0.002). Data collected with K.Green, on body condition for animals in 
July at Kosciusko (Green and Crowley 1989) showed that animals have a 
mean percentage body water of 65. 7 (range, 59.8 to 71.9) which is slightly 
lower than the comparable value of 70. 7 ± 4.3 for Brindabella females. 
There was no significant difference in the water influx rates of the 
females from the two sites. However, the FdMR of females at Kosciusko 
(7.21 ± 2.48 ml C02.g-1.h-1) was higher (F1,s = 7.8, p=0.03) than that of 
Brindabella females (3.61 ± 0.07 ml C02.g-1.h-1). 
(ii) A.stuartii (July). (Fig. 4b). The mean mass of female A.stuartii 
females during winter at Kosciusko (19.5g) was comparable to that of 
females at Brindabella (18.9 ± 2.4g). The mean percent body water of 
animals at Kosciusko of 63.8 (Green and Crowley 1989) is lower than that 
of the females at Brindabella (72.4 ± 4). There was no difference in the 
water flux rates of the animals at the two sites. The FdMR's of animals at 
Kosciusko were higher (7.03 ± 1.5 ml C02.g-1.h-1) than those at 
Brindabella (5.50 ± 0.69 ml C02.g-1.h-1). 
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Relationship between body mass and water intake and FdMR 
The effect of site on the relationship between body mass and water 
influx was tested for both species using 1-factor analyses of covariance 
(ANCOVA's). 
(i) A.swainsonii. There was a linear relationship between body mass 
and water influx (F1,210 = 25.9, p=0.0001, Fig. 5). Both the slope (F2,210 = 
16.33, p=0.0001) and intercept CF2,210 = 15.33, p=0.0001) were affected by the 
location of the animals. The regression equations for the three sites are: 
Nadgee; y = 38.3 - 0.12 X 
Brindabella y = 18.6 + 0.31 x 
Kosciusko; y = - 28.1 + 1.185 x 
where y is water flux (ml.day-1) and xis body mass (g). The slope of the 
regression for the Nadgee animals was not different from zero (p=0.41), 
therefore N adgee animals show no relationship between body mass and 
water flux. 
There was a linear relationship between body mass and CO2 
production (ml.h-1; F1,1s2 = 29.30, p=0.0001, Fig. 6). The slope of this 
regression did not differ for the three sites but the elevation or intercept 
differed between sites (F21s2 = 5.5, p=0.005). The regression equations for 
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the three sites are 
Nadgee; y = - 15.9 + 3.9 x 
Brindabella; y = 29.2 + 3.9 x 
Kosciusko; y = 91.1 + 3.9 x 
where y is FdMR (ml C02.day-1) and xis body mass (g). Therefore at any 
given mass, animals from higher elevations have higher Fdl\.1Rs. 
(i) A.stuartii . Water intake (ml.day-1) increases with body mass 
(Fi,160=36.28, p=0.0001, Fig_. 7). The intercept of the regression was 
significantly affected by the location of the animals (F1,1so = 4.5, p=0.04). 
The regression equations are: 
N adgee; y = 4.2 + 0.4 x 
Brindabella; y = 2.5 + 0.4 x 
where y is water flux (ml.day-1) and xis body mass (g). 
There was a significant linear relationship between body mass and 
CO2 production (ml.h-1; F1,11o = 38.43, p=0.0001, Fig. 8) which was not 
affected by the location of the animal (F1,110 = 0.012, p=0.97). Therefore, the 
regression equation is: 
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Nadgee / Brindabella; y = 3.8 + 4.9 x 
where y is Fdl\1R (ml C02.day·1) and x is body mass (g). 
These regressions include the water flux and CO2 production data 
from animals at all body masses. However, there were not similar 
ranges of body masses at the three sites. Therefore, 1 factor ANCOV As 
were also carried out, using the water flux and CO2 production data for a 
common range of body masses (44g-75 g for A.swainsonii and <30 g for 
A.stuartii). Although the description of the regressions differed using 
these criteria, all the trends, both significant and non-significant, were 
the same as when all the data were used. 
Daily energy expenditure and water intake 
(i) A.swainsonii. During May, and the periods of early lactation and 
weaning the daily energy expenditure of A.swainsonii females was 
significantly different between sites (F2,37 =5 .31, p=0.009). Females at 
Kosciusko had higher DEEs (220±100 kJ.day·1) than at Brindabella (157 ± 
36 kJ.day·1; p=0.03) and at Nadgee (128 ± 59 kJ.day·1 ; p=0.004). The 
incremental increase in daily energy expenditure of females with altitude 
is shown in Table 6. The water intake of these females was not different 
between sites (36.0 ± 4.8 ml, n=ll; 39.5 ± 12.8 ml, n=33; 44.5 ± 17.7 ml, 
n=18) for Nadgee, Brindabella and Kosciusko respectively (F2,s9 =l.52, 
p::0.23). 
Including data from males, A.swainsonii expended significantly 
(p=0.002) more energy at Kosciusko (198 ± 94 kJ) than at Brindabella (161 ± 
35 kJ.day·1) or Nadgee (127 ± 56 kJ) and water intakes (ml.day-I) were 
comparable between sites (Fig. 9). 
(ii) A.stuartii. Females had higher (F1,s2 =l.52, p=0.04) DEEs at 
Brindabella (57 ± 21 kJ) than at Nadgee (69 ± 20 kJ.day·1). The daily water 
intake for females was 12.5 ± 3.1ml (32) and 12.9 ± 4.7 ml (38) at Nadgee 
and Brindabella respectively and did not differ between sites (F1,ss =0.51, 
p=0.70). The incremental increase in DEE with increasing altitude is 
shown in Table 6. 
Including data from males, A.stuartii expended more energy at 
Brindabella (80 ± 29 kJ.day·1, n=52) than at Nadgee (65 ± 27 kJ.day·1, n=33) 
but water intakes were comparable between sites (Fig. 10). The mean 
DEE for animals at Kosciusko was taken from Green and Crowley (1989). 
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Feeding rates 
For both species, females took in relatively more food in terms of 
percent body mass with increasing altitude (Table 7). Water intake 
consistently overestimates food intake for female A.swainsonii at all sites 
assuming animals meet energetic requirements, but the difference 
between the two estimates decreases with altitude. For A.stuartii females 
the water intake overestimates food intake only at N adgee, and the feeding 
rate estimates from DEE and water intake are comparable at the higher 
altitudes. 
Maternal investment in lactation 
(i) A.swainsonii. Female survivorship, teat number and mass of 
weaned young are shown in Table 8. Teats were generally saturated with 
young during the first half of lactation. The majority of females at the 
high altitude site had 10 teats, all females trapped at Nadgee had 8 teats 
while at the Brindabella site 8,9 and 10 teated females were present. 
Females at Kosciusko survived lactation better than females at lower 
elevations. Brindabella females had the lower survivorship during 
lactation. At all sites young were weaned at similar masses (F2,as = 0.71, 
p=0.49). As a consequence of the different maternal masses at weaning at 
the three sites, the relative proportion of maternal mass that individual 
weaned young represent is highest for the N adgee animals. 
(ii) A.stuartii. At Brindabella all females had 10 teats and at N adgee 
all females had 8 teats. The survivorship of females at Brindabella was 
4 7% and at N adgee was 67%. 
Discussion 
The parameters measured in this study showed different patterns of 
change across the three field sites, which differ in climatic seasonality 
and predictability. Field metabolic rate, energy expenditure and litter size 
generally increased with elevation. Water flux rates did not show a 
consistent trend with altitude. Body mass and female mortality during 
lactation were greatest at the mid-altitude site. 
Field metabolic rate and daily energy expenditure 
There was a trend for increasing FdMR with altitude in 
A.swainsonii, particularly during winter. In A.stuartii, FdMRs were 
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similar at Nadgee and Brindabella, but higher at Kosciusko (Green and 
Crowley 1989). In deer mice, FdMR also increased with altitude, due to 
the different thermal environments (Hayes 1989a; 1989b). Temperature 
differences between the sites may be one of the main factors influencing 
the different FdMRs in this study. Seasonal information from other field 
studies shows that thermoregulatory costs (especially during winter) may 
be substantial (Karasov 1981; Mullen 1971; Mullen and Chew 1973). 
Thermoregulation and activity form a substantial part of daily and total 
annual energy expenditure (Kenagy et al. 1990; Smith et al. 1982). 
Another factor which may contribute to different FdMRs between 
sites is the levels of basal metabolism. Deer mice have increasing basal 
metabolic rate (BMR), with increasing altitude and this contributes to an 
increased FdMR at high altitudes (Hayes 1989b). Some bird species also 
have higher basal metabolic rates at high altitudes (Kendeigh and Blem 
1974; Weathers 1979) than at lower altitudes. A change in BMR 
comparable to that observed in deer mice (45%; Hayes 1989b) would 
account for a 6-10% and a 10-13% change in daily energy expenditure at 
the three sites in A.swainsonii and A.stuartii respectively. 
DEE may have more ecological significance than FdMR as it 
represents the average energetic requirements of an animal and 
therefore the energy an animal must 'extract' from its environment. 
DEE, or the 'cost of living' for both species increased with altitude (Figs. 9 
&10). These differences are due to both FdMR and body mass differences 
between environments. 
Antechinus show behavioural adaptations that could reduce the 
energetic cost of living. Energy expended in thermoregulation may be 
reduced through torpor (Geiser 1988), communal nesting (Lazenby-Cohen 
and Cockburn 1988) or location of nests within foraging ranges (Green 
and Crowley 1989). Despite these adaptations, the energetic 'cost ofliving' 
increases with altitude. As for FdMR, the major reasons for this increase 
are probably thermoregulatory and foraging costs associated with low 
ambient temperatures and a decline in food availability Stebbins 1976; 
Green 1988). 
Water fiux 
When environmental water and diet are relatively constant, water 
flux rates may be closely linked to FdMR. However, seasonal influences 
are not always similar for the two metabolic parameters and consequently 
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the relationship between FdMR and water flux may vary seasonally 
(Gettinger 1984; Holleman et al. 1982). Therefore, variation in water flux 
does not necessarily reflect variation in FdMR. 
Scaling body mass against daily water intake shows that for both 
species, water intake was more variable than FdMR when compared 
between sites. Rainfall patterns of a site may influence water flux 
without a coincident change in metabolism. This may occur simply 
through water intake during grooming, with food and drinking (Nagy et 
al. 1978; Smith et al. 1982). Changes in the water content of food affect the 
water flux of herbivorous and granivorous species (Karasov 1983; Morris 
and Bradshaw 1981) although for the insectivorous Antechinus, variation 
in prey items rather than composition of prey (Dickman 1983) is more 
likely to influence water flux. 
If estimates of food intake from water intake and energy expenditure 
are compared, both species at N adgee take in more water than would be 
expected if animals ate to meet energy requirements. At Brindabella 
similar food intake is predicted from both water and energy metabolism 
for A.stuartii, but A.swainsonii take in more water than from food alone. 
This inter-specific difference suggests that water fluxes do not simply 
reflect availability of water. Despite differences in energy expenditure 
between sites, daily water intake is consistent, so there are differences in 
the relative water and energy contents of diets between sites. The 
relationship between feeding rate estimates from DEE and water intake 
will differ if a female is lactating (Chapter 2). However, in this study, the 
trends for the two estimates across the sites are the same, whether 
lactating females are included or not. 
Scaling of body mass and water flux for A.stuartii shows that at a 
given body mass, water intake of the Brindabella animals is lower than 
that of N adgee animals. At the Brindabellas, the water fluxes of 
A.stuartii in August, 486 ml.kg-1.day -1 (SE = 50, n=22) were lower than 
the August values of 711 ml.kg-1.day-1 (SE = 19, n=19) previously reported 
for A.stuartii (Nagy et al. 1978). However, females from Nadgee have a 
comparable water flux, 772 ml.kg-1.day-1 ( SE = 48, n=20) to that reported 
by Nagy et al. (1978). Therefore, water flux rates at Brindabella are 
unusually low, even though average monthly rainfall is higher than at 
Nadgee. 
In summary, although rainfall patterns are likely to explain some of 
the variation in water fluxes of animals between sites, the scaling data 
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and the food intake estimates indicate that diet may be more important, 
and that environment influences water flux in the two species differently 
at each site. 
Investment in lactation 
High altitude habitats appear to impose greater energy demands, 
and resources at high altitude sites may be more limited. Therefore the 
amount of energy that can be allocated to lactation may differ with 
altitude. Lactation is the most significant time of energy expenditure in 
Antechinus (Chapter 2). Body condition and survival of females through 
lactation can be used as indicators of the impact of lactation. Reproductive 
investment can be assessed in terms of energetic expenditure, and mass 
and number of young weaned. 
Despite body mass differences at other times of the year, females had 
similar body masses during lactation at all sites. This suggests that 
females have to acquire a particular mass or body condition to breed. 
After a retardation of growth during autumn (Green 1988) the Kosciusko 
females increased their body masses dramatically during late winter; 
A.swainsonii doubled their mass and A.stuartii increased their mass by 
about 30% in one month prior to giving birth (Green 1988). This dramatic 
body mass change does not occur at lower altitudes where females show 
only a slight increase in body mass from May to lactation, and may reflect 
seasonality of food resources. Kosciusko A.swainsonii females are in 
better condition (higher body fat) than Nadgee or Brindabella females in 
early lactation. The high altitude females lose this extra condition during 
lactation and at weaning females from all sites are in comparable body 
condition. 
A greater proportion of female A.swainsonii survived lactation at 
Kosciusko and Nadgee than at the Brindabella site. Female mortality 
during lactation may be related to resource limitations ( Chapter 4). 
Mortality during lactation was .associated with an older female population at 
Brindabella. At Kosciusko all breeding females were first year females; 
at lower elevations some females were in their second year of breeding but 
had a similar probability of surviving lactation to first year females 
(Chapter 4). No iteroparous females have been found above 1600m (Green 
1988). This suggests that during lactation Kosciusko is a benign habitat 
for females, but at other times of the year (e.g. winter) it is relatively 
harsher compared with the evironments at lower altitudes. 
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At weaning, DEEs of female Aswainsonii were still significantly 
higher at high altitudes, compared with low altitude sites. However, as 
the energetic 'cost of living' for non reproducing animals also increased 
with altitude, it is important to separate this from the energetic 'cost of 
lactation'. DEEs of females in early lactation may be regarded as simply 
the 'cost of living' in that environment, as there is no evidence of a 
significant energetic cost of lactation at this time (Chapter 2). Ambient 
temperatures and food availability increase during the period of lactation 
(evidence of this from Kosciusko (Green 1988) and Brindabella (Dick.man 
1983). The increases in DEE from early lactation to weaning are 7%, 28% 
and 16% for Nadgee, Brindabella and Kosciusko respectively. Therefore, 
although cost of living decreases, energy expenditure increases. 
Assuming the relative decrease in cost of living during lactation is 
similar at all sites, the incremental increase approximates the daily 
energetic cost of weaning young in the different environments. 
Brindabella females may be expending relatively more energy to wean 
young than females at higher or lower altitudes. 
Investment in terms of body mass of individual young was 
comparable across sites. Females at Nadgee were smaller, but produced 
young of similar mass to those at the higher altitudes. Individual young 
therefore represented a larger proportion of maternal mass. Although 
females at Nadgee produced large young, they may wean smaller litters. 
Unfortunately, it was not possible to carry out the intensive trapping 
required to determine weaning success at all sites. 
The high mortality and higher cost of weaning young at Brindabella 
may result from the relatively variable climate during lactation, 
particularly peak lactation when energetic costs are highest (Chapter 2). 
This low predictability of climate (and related resources levels; Cameron 
and McClure 1988) may explain the higher mortality of females at the mid 
altitude site compared to the more 'predictable' high and low altitude 
sites. Although Kosciusko females may require relatively more body 
reserves to meet the demands of a high energetic 'cost of living'; they have 
a higher probability of surviving lactation. The timing of lactation in 
Kosciusko probably ensures that the maximum energy demands of the 
females coincide with the highest food availability (e.g. flush of energy 
rich Bogong moths, (Green 1988; Lee et al. 1977). In Peromyscus 
maniculatus there was no difference in breeding success between sites at 
different elevations. In that study, Millar and Innes (1985) suggested that 
temporal differences in breeding ensured that young were raised and 
weaned under similar environmental conditions at all elevations. 
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Cockburn et al. (1983) suggest that environmental seasonality 
determines litter size (and hence teat number) in Antechinus. If 
population levels are regulated in the non-breeding season, litter size 
should reflect the extent to a which surplus resources become available in 
the breeding season (a modification of Ashmole's (1963) hypothesis). For 
example, the population of Antechinus at Kosciusko may be regulated 
during winter when food resources are low (Green 1988), but the dramatic 
increase in food resources (particularly Bogong moths) during lactation 
allows for a relatively greater investment in number of offspring. The 
annual range in temperature and rainfall are greatest at Kosciusko. The 
FdMRs of the animals in the three environments reflect this seasonality 
(mean maximum/mean minimum) for A.swainsonii were 1.09, 1.13 and 
1.30 at Nadgee, Brindabella and Kosciusko and 1.33 and 1.45 for Nadgee 
and Brindabella respectively for A.stuartii. 
Altitude and body mass 
Body mass changes do not show a linear trend with increasing 
altitude. Antechinus show similar body condition at the three sites, so 
differences in mass are likely to be due to different growth patterns rather 
than fat deposition. For non-reproducing animals, both female 
A.swainsonii and A.stuartii from the mid altitude site (Brindabella) are 
heavier than those from both lower and higher elevations. MacArthur 
(1968) predicted that larger body size should be found where food supplies 
are more variable and there is a general trend for mammals to be larger 
in seasonal or unpredictable environments (Boyce 1978; Zammuto and 
Millar 1985). Zeveloff and Boyce (1988) suggest that seasonal 
environments favour mammals of large size since such places are likely 
to impose the greatest density independent mortality, freeing resources 
for the survivors. In such climates (e.g. Brindabella) the longer-lasting 
food reserves that a large mammal has compared to a small one are 
advantageous. The body size of Antechinus at the high altidude site may 
not be related to the variability of the climate so much as the optimal size 
for the available resources, as Zeveloff and Boyce (1988) found that in 
small mammals " body size is probably more affected by the problem of 
finding sufficient food to stay warm". The interaction between three 
factors: length of the growing season, resource levels and variability of 
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these resource levels and climate may all have influenced the observed 
body sizes. 
Environmental characteristics and life history traits 
There are a range of interpretations of the manner in which 
environment influences particular life history traits. The relationship 
between life history traits and environments (including altitudinal 
gradients) have been discussed in terms of r -and K- selection and bet-
hedging (Stearns 1976). Recently, these interpretations have been 
suggested as too limited (Zammuto and Millar 1985) or even 'out moded' 
(Boyce 1988). This is because environments have not been characterised 
accurately and the factors selecting for a range of life history traits are 
extremely complex. 
Boyce (Boyce 1988) suggests that seasonality or fluctuation in an 
environment may be "one of the most important factors shaping the 
evolution of mammals" but at the same time "there is still much we do 
not understand about the nature of selection in fluctuating 
environments". In addition to seasonality or fluctuation of the 
environment, Zammuto and Millar (Zammuto and Millar 1985) suggest 
that the "predictability"of an environment is an important factor in 
determining the of life history traits of an animal. The definitions of the 
environments "seasonality" and "predictability" are based on climatic 
variables but presumably reflect similar patterns in resource levels. 
In this study, it is not known whether different climatic variables 
(rainfall, mean temperature etc.) are more or less important as 
influences on the life history of Antechinus. Nagy et al. (1978) showed 
A.stuartii only needed to take in a maximum of 30% body mass in water 
each day, which animals in this study exceed at all sites and so it is 
unlikely that water conservation (rainfall) is a problem. Energy for 
thermoregulation can be very significant for mammals (Karasov 1981), 
particularly for non-hibernating mammals during the coldest months. 
Minimum temperatures may be an important climatic variable in 
determining suriviorship and timing of reproductive activity. 
In this study, mean temperatures, temperature range (seasonality) 
and predictability of the environment can be correlated with various 
aspects of the life history of Antechinus. However, life history variation is 
also due to complexity of other factors, including population density and 
demography (Boyce 1988). The importance of factors other than 
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environmental characteristics is illustrated in this study by the 
comparison of the change in life history traits of the two species between 
the environments. The onset of reproduction in A.swainsonii and 
Astuartii is delayed as altitude increases, but the extent of this delay 
differs between the two species. Also, the rate at which teat number 
changes with altitude varies for the two species (Cockburn et al. 1983). 
Both species have 8 teats on the coast, but at 850 metres (Brindabella) the 
A.stuartii population has 10 teats, while the A.swainsonii population has 
8, 9 or 10 teats. In addition to differences in body mass changes, these 
interspecific differences in teat number and reproduction suggest that 
changes in habitat and climate along elevation gradients affect these two 
species in different ways. One might predict that the relative 'cost of 
living' differs for the two species between the sites. For females of both 
species the cost of living shows a similar relative increase between sites 
(Table 7). The only difference was that the increase in DEE between 
N adgee and Brindabella was significant for Astuartii but not for 
A.swainsonii. It is clear that environmental effects cannot be measured 
entirely by the physiological responses of an animal. 
Conclusions 
The daily energy expenditure of A.swainsonii and A.stuartii increased 
with increasing altitude. This was a reflection of both FdMR and body mass 
differences between the three sites. The increased energetic cost of living 
with altitude may have been due to increased thermoregulatory and activity 
costs associated with lower ambient temperatures and food resources at 
some times of the year. Although water flux rates varied substantially 
between sites the daily water intake of animals did not. This is probably a 
reflection of both rainfall patterns and dietary differences between sites. 
Body mass and female mortality during lactation for both species tended to 
be greatest at the mid altitude site and may have been related to the seasonal 
unpredictability of that environment. There was no evidence of females 
expending more energy in young at high altitudes; this may be a 
consequence of the timing of reproduction. 
Figure 1: Summary of the climate for the three study sites; mean monthly 
maximum and minimum temperatures (°C) and rainfall (mm) 
for the years 1982-1986. Data were collected by the Bureau of 
Meterology from the nearest station (at the same elevation) to the 
study sites. 
a) Nadgee Nature Reserve (Om) 
b) Brindabella Ranges (800m) 
c) Kosciusko National Park (1900m) 
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Figure 2: Seasonal changes body mass, body condition(% body water), water 
intake (ml/kg/day) and field metabolic rates (ml C02/g/h) of 
A.swainsonii females at Nadgee, Brindabella and Kosciusko. 
The scales for each parameter are indicated in the key. Data are 
presented as means± SD. Sample sizes are shown. 
a) Non-reproducing; May for both Nadgee and Brindabella 
b) Early lactation; August for Nadgee and Brindabella, November for 
Kosciusko. 
c) Mid lactation; October for both N adgee and Brindabella 
d) Late lactation; early November for Nadgee and Brindabella, late 
January for Kosciusko. 
a) NON-REPRODUCING (May) 
10 
18 18 
Nadgee Brindabella 
b) EARLY LACTATION (August/November) 
10 
Nadgee Brindabella Kosciusko 
C) MID LACTATION (October) 
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Nadgee Brindabella 
d) LATE LACTATION (November/January) 
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Nadgee Brindabella Kosciusko 
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Figure 3: Seasonal changes body mass, body condition (%body water),water 
intake (ml/Kg/day) and field metabolic rates (ml C02fg/h) of 
A.stuartii females at Nadgee and Brindabella. The scales for each 
parameter are indicated in the key.Data are presented as 
means ± SD. Sample sizes are shown. 
a) Non-reproducing; May 
b) Mating; August 
c) Early lactation; October 
d) Mid lactation; early November 
a) NON-REPRODUCING (May) 130 
10 
16 16 13 
Body mass (gxS) 8 ~ 
6 a % Body water (x10) 
4 m Water intake (ml/kg.dayx100) 
2 • FdMR (ml/g.h) 
0 
Nadgee Brindabella 
b) MATING (August) 
10 20 
6 
8 
6 
4 
2 
0 
Nadgee Brindabella 
c) EARLY LACTATION (October) 
·10 6 
8 11 9 
6 
4 
2 
0 
Nadgee Brindabella 
d) MID LACTATION (November) 
10 6 
8 
6 
4 
2 
0 
Nadgee Brindabella 
Figure 4: Body mass, body condition(% body water), water intake 
(ml/Kg/day) and field metabolic rates (ml C02fg/h) of 
A.swainsonii and A.stuartii females at Brindabella and 
Kosciusko during winter (July). The scales for each parameter 
are indicated in the key. Data are presented as means± SD. 
Sample sizes are shown. 
a) A.swainsonii 
b) A.stuartii 
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Figure 5: Relationship between body mass (g) and water intake (m1/day) 
forA.swainsonii at Nadgee, Brindabella and Kosciusko. The 
significant regressions for Brindabella and Kosciusko are shown 
as solid lines and the regression for N adgee is shown as dashed 
line. The equations for the regressions are given in the text. 
Figure 6: Relationship between body mass (g) and metabolic rate (ml C02f'h) 
forA.swainsonii at Nadgee, Brindabella and Kosciusko. The 
significant regressions are shown as solid lines. The equations for 
the regressions are given in the text. 
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Figure 7: Relationship between body mass (g) and water intake (ml/day) 
forA.stuartii at Nadgee and Brindabella. Significant regressions 
are shown, and equations for the regressions are given in the text. 
Figure 8: Relationship between body mass (g) and metabolic rate (ml C02f'h) 
for A.stuartii at Nadgee and Brindabella. The significant 
regression is shown. The equation for the regression is given in the 
text. 
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Figure 9: Mean daily energy expenditure (kJ) and daily water intake (ml) for 
A.swainsonii at the three study sites. Data are presented as means ± 
SD. Sample sizes are shown. 
Figure 10: Mean daily energy expenditure (kJ) and daily water intake (ml) for 
A.stuartii at the three study sites. Data are presented as means ± SD. 
Sample sizes are shown. The values for Kosciusko were 
taken from the seasonal means in Green and Crowley (1988). 
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Table 1: Summary of the habitat characteristics of the three study sites. 
Site Altitude 
Nadgee 0 
Brindabella 800 
Kosciusko 1900-60 
Species studied Years of Study 
A.swainsonii 
A.stuartii 
A.swainsonii 
A.stuartii 
A.swainsonii 
1987 
1986-88 
1987-88 
Habitat description 
wet sclerophyll, Eucalyptus 
sieberi, understorey bracken 
&fems 
wet sclerophyll, E. viminalis 
understorey of ferns. 
boulder heath, sub-alpine 
woodland. 
...... 
u.) 
l/\ 
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Table 2: Variance around mean climatic variable for the three study 
sites, calculated from monthly data over four years (1982-1986). 
Means are indicated in parentheses. 
Max.temp Min.Temp Rainfall 
(OC) (OC) (mm) 
May 
Nadgee 0.07 (17.2) 0.15 (11.9) 775 (39.5) 
Brindabella 0.29 (14.2) 2.98 (3.7) 7106 (74.9) 
Kosciusko 0.30 (7.2) 0.40 (-1.2) 7039 (164.4) 
Early lactation 
Nadgee (Aug) 0.35 (14.9) 0.18 (9.2) 726 (33.4) 
Brindabella (Aug) 5.74 (13.0) 0.84 (1.2) 7393 (107.2) 
Kosciusko (Nov) 1.42 (12.8) 0.18 (2.1) 9173 (121.8) 
Peak lactation 
Nadgee (Oct) 0.07 (17.0) 0.33 (11.6) 3339 (45.9) 
Brindabella (Oct) 1.29 (18.4) 2.42 (5.7) 2067 (65.6) 
Kosciusko (Dec) 2.73 (14.1) 1.46 (3.9) 577 (85.7) 
Weaning 
N adgee (Nov) 0.80 (19.1) 0.16 (13.5) 628 (28.2) 
Brindabella (Nov) 17.77 (22.5) 0.12 (8.8) 14891 (104.0) 
Kosciusko (Jan) 3.67 (17.6) 2.80 (5.0) 2639 (94.7) 
Wmter (July) 
Nadgee 0.30 (13.9) 0.25 (8.5) 1683 (78.5) 
Brindabella 0.20 (9.9) 1.29 (-0.8) 3226 (86.1) 
Kosciusko 0.11 (1.7) 0.41 (-5. 7) 3588 (119.5) 
Table 3: Summary of the schedule of reproductive events for Antechinus swainsonii and 
A.stuartii at the three study sites. 
Site Species Mating Birth Young Wean 
in pouch in nest 
Nadgee A.swainsonii June I.Jul - e.Aug Aug- Sept Sept- Nov e.Nov 
& & 
Brinda bell a A.stuartii August I.Sept I.Sep - Oct Nov- Dec e.Jan 
Kosciusko A.swainsonii 
& Sep I.Oct - e.Nov Nov- Dec Dec - Jan I.Jan 
A.stuartii 
----------------------------------------------------------------------
l. = late, e. = early 
,_. 
v..> 
-..J 
Table 4: Comparison of metabolic and body mass data for male and female 
Aswainsonii at the three study sites. 
Parameter Month Nadgee Brindabella 
male female male femal.e 
138 
Kosciusko 
male female 
------------------------- ------ ------------------- --- -
BodyMass 
(g) May 61.3 * 56.7 82.8 * 50.7 
±10.4 (14) ±10.9 (3) ±13.7 (8) ±6.9 (11) 
June 87.2 * 64.5 
±4.4 (6) ±7.9 (5) 
45.2 * 39.5 
July ±9.7 (3) ±1.8 (3) 
Body Qmdition 
(%body water) May 73.9 77.7 71.6 75.6 
±4.7 (14) ±4.3 (2) ±4.4(7) ±6.4 (11) 
June 70.2 * 65.0 
±3.9(6) ±1.0 (5) 
Water Influx 
(ml/kg.day-I) May 452 * 364 461 * 580 
±52 (12) ±10 (2) ±64(6) ±155 (11) 
June 434 * 580 
±86 (6) ±187 (5) 
July 572 518 
±109 (3) ±166 (3) 
FdMR 
(ml/g.h-1) May 3.55 * 4.58 
±0.44 (6) ±0.94 (11) 
June 3.50 3.81 
±0.54 (4) ±0.93 (4) 
July 6.97 7.45 
±3.45 (3) ±1.81 (3) 
---------------------------------------------------------------------- -
* significant difference between two groups (Fisher PLSD, p<0.05) 
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Table 5: Comparison of metabolic and body mass data for male and female 
A.stuartii at the two study sites 
-------------------------------------------------------
Parameter Month Nadgee Brindabella 
male female male female 
-------------------------------------------------------------------------
Body~ 
(g) May 19.9 * 14.8 22.9 * 16.6 
±2.4 (11) ±1.6 (9) ±4.4 (7) ±1.6 (10) 
August 23.2 * 18.0 37.9 * 22.3 
±2.9 (13) ±2.8 (10) ±3.7 (3) ±1.82 (4) 
Body Condition 
(% body water) May 74.1 75.9 76.9 78.6 
±11.3 (9) ±5.1 (7) ±6.9 (7) ±6.8 (6) 
August 82.2 77.1 74.2 78.4 
±9.2 (12) ±3.7 (12) ±16.6 (3) ±3.0 (4) 
Wat.er Influx 
(ml/kg.day-1) May 499 794 510 580 
±164 (11) ±294 (5) ±102 (6) ±155 (8) 
August 861 713 681 670 
±319 (8) ±67 (12) ±10 (2) ±83(4) 
FdMR 
(ml/g.h·1) May 7.81 * 6.62 (1) ±0.51 (3) 
August 6.75 * 4.53 5.13 4.57 
±1.51 (7) 1.64 (10) ±1.7 (10) 1.57± (6) 
-------------------------------------------------------------------
* significant difference between two groups (Fisher PLSD, p<0.05) 
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Table 6: Percentage increase in daily energy expenditure of females with 
increasing elevation. Calculated as the percentage increase in 
DEE from the lower elevation to the higher elevation. The range 
of DEE is illustrated. For values for Kosciusko A.stuartii are 
calculated from the mean values in Green and Crowley (1988). 
Site I 
Species 
Nadgee-Brindabella 
(0 m -800 m) 
A.swainsonii 22 
change in DEE 
(kJ/day) (128-157) 
A.stuartii 21* 
range of DEE 
(kJ/day) (57-69) 
Brindabella-Kosciusko 
(800 m -1950 m) 
40* 
(157-220) 
60* 
(69-110) 
N adgee-Kosciusko 
(0 m-1950 m) 
72* 
(128-220) 
93* 
(57-110) 
--------------------------------------------------------
* indicates that there was a significant difference (Fisher PLSD, p<0.05) in the DEEs of 
females between the two sites 
Table 7: Feeding rates of female A.swainsonii and A.stuartii at the three study sites, estimated 
from daily energy expenditure and water flux. 
---------------------------------------------------------- ----------
Feeding rate (g fresh mass.day·l) 
Site/ Nadgee Brindabella Kosciusko 
species from energy from water from energy from water from energy from water 
- ---------------------------------------------------------------------------
A.swainsonii 24.2 40.3 35.8 44.2 45.9 49.9 
Body mass (g) 54.0 59.0 61.8 
(% body mass) (45) (75) (61) (75) (74) (81) 
A.stuartii 11.8 14.0 14.5 14.4 23.1 21.8 
Body mass (g) 19.8 22.0 27.9 
(% body mass) (60) (71) (66) (65) (83) (78) 
----------------------------- - -------- - -------- - --- --------- -------
..... 
~ 
..... 
Table 8: A.swainsonii female surivivorship during lactation, maternal mass and mass of young at weaning in the 
three study sites. The numbers of females include females from both cohorts. Numbers in brackets are second 
year females included in the total. ( +) denotes that the number of 2nd year females may be an underestimate. 
FEMAI.ES YOUNG 
Site TeatN2 Pouch Females with Females at Survivorship mass 
saturation* pouch young weaning (%) individual weaned 
(% population) young (g) 
Nadgee 8 93 7 (2) 5 (1) 71 25.0±5.5 
(100) 
Brindabella 8 9 10 86 19 (5+) 10 (2+) 53 25.5 ±2.3 
(10) (37) (53) 
Kosciusko 8 9 10 93 10 (0) 10 (0) 83 24.0±0.9 
(10) (10) (80) 
* based on all females in the population, pouch saturation%= (no. available teats/ no. young in pouch)*lOO 
t % maternal mass= (mean mass individual young/ mean maternal mass)*lOO 
%of 
maternal t 
mass 
42 
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CHAPrER 6 
Conclusions 
143 
In this chapter my aim is to outline the major conclusions which 
have emerged from this study, and to identify areas of interest for further 
investigation. 
This is the first time that the energetic costs of reproduction have 
been fully documented in any free-living marsupial and one of only four 
studies (Cork and Dove 1989; Loudon 1987; Nicholl and Thompson 1987) on 
the energy requirements of captive lactating marsupials. The findings in 
this thesis are thus significant for understanding marsupial reproduction 
in a number of ways. 
The most important result of the study has been the elucidation of the 
distinctive pattern of energy expenditure throughout reproduction 
(Chapter 2). Gestation and early lactation represent periods of minimal 
energy expenditure/investment and over 60% of the total energy expended 
in lactation is expended during the last 3 weeks. This indicates that 
frequent sampling may be crucial to determine short periods of high 
energy expenditure and cautions against interpretations of energetics in 
many studies that have sampled energy expenditure at only one time of 
the year. 
Perhaps the most unexpected finding is the high levels of energy 
expenditure in Antechinus during peak lactation, which indicate a 
higher than predicted sustained metabolic scope (Drent and Daan 1980; 
Peterson et al. 1990). Antechinus do not appear to be constrained by a low 
metabolic scope; indeed, the results from this study and others (Dawson 
1989) indicate that marsupials have relatively high metabolic scopes 
among mammals. 
If Antechinus have the potential to increase metabolism and expend 
and transfer energy to the young at very high rates, why do they (and 
marsupials in general) take so much longer to wean young than 
eutherians of equivalent body size (Lee and Cockburn 1985)? Two possible 
explanations are: a) the developmental rate is programmed by a 
'pacemaker' of development (sensu Lee and Cockburn 1985, p.64) or 
b) young Antechinus are exposed to relatively low temperatures for the 
first half of lactation while in the open pouch and thus develop slowly. 
The second explanation seems less likely, since slow development is also 
evident in the young of macropodid marsupials which are carried in a 
relatively warmer pouch. 
Two major findings from a range of experimental studies provide 
support for the 'pacemaker' hypothesis, and are therefore pertinent to this 
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discussion. First, transfer of young between mothers has shown that a 
change in the rate of milk consumption or type of milk consumed can 
increase the body mass of the young but often results in abnormal 
development and mortality (Merchant and Sharman 1966; Smith 1989). 
Second, changes in milk composition appear to be intrinsic 
characteristics of the mammary gland (Findlay 1982). Young clearly 
require a specific nutrition which is controlled by the mother through the 
mammary gland. Patterns of changes in milk composition and 
development of the young are likely to have coevolved in complex fashion 
and the development of the young may be optimally programmed and set 
by a 'pacemaker' such as the brain. It has been shown in another 
marsupial, Macropus eugenii, that maturation of the cerebral cortex 
occurs before physiological differentiation takes place (Reynolds and 
Saunders 1988) and Tyndale-Biscoe and Janssens (1988) have suggested 
that teat attachment of young is obligatory until development of the brain 
is complete. During this time, growth of the young can only proceed as 
fast as the developmental pacemaker allows. 
It is imperative that we understand developmental patterns of young 
marsupials if we are to explain the ultimate causes of the long 
reproductive period in marsupials. This rather general suggestion can be 
separated into two more specific areas of research. First, a detailed 
investigation into the relationship between developmental changes in the 
young and milk composition would be necessary to make an assessment of 
the developmental requirements of marsupials. This may prove useful as 
a model for developing mammals in general. It is notable that small 
insectivorous, polytocous Antechinus show a similar pattern of milk 
composition changes to large, herbivorous, monotocous macropodid 
marsupials. At a broad level, the relationship between milk and growth 
may be similar for many marsupial species. 
A second area of research that would be of value is an investigation of 
the relationship between litter size and growth of the young. Given that 
the early stages of growth may be constrained by developmental processes, 
is there potential for growth to be increased above normal rates in the later 
stages of lactation? This is relevant to an understanding of allocation of 
investment to young by female marsupials. Can females increase the 
growth of individual young or litters under optimal resource conditions by 
supplying them with more milk? A.swainsonii differ from the general 
trend for captive eutherians in that the growth of individual young was 
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independent of the litter size. I speculated that each mammary gland is 
working to maximum capacity and that extra investment in young can 
only be made if there are more glands active than young sucking (Chapter 
3). Experiments could be carried out to test this, by supplying captive 
females with ad libitum food, whilst reducing litter sizes after the time 
young are dropped in a nest, to generate varying ratios of active 
mammary glands to sucking young. 
The extremely high levels of energy expenditure during peak 
lactation and the reduction in litter size through late lactation in 
Antechinus suggest that reproductive output of A.swainsonii may be set 
by energetic limits which may be approached at peak lactation. Based on 
allometric relationships between body mass and energy expenditure 
(Drent and Daan 1980) and energy intake (Kirkwood 1983), it has been 
proposed that birds and mammals have maximum energetic limits. An 
increasing number of studies of metabolism of free-living animals have 
shown that many animals exceed these predicted limits of 3-4 times basal 
metabolism (Bryant 1989) and in a recent review (Peterson, et al. 1990) 
suggested maximum sustained metabolic scope was around 7 times 
resting metabolism. There are a series of questions that need to be 
resolved with further work: Do animals have general energetic limits 
(either energy intake or expenditure)? Do these limits vary with the 
reproductive condition of the animal? If the increase over basal 
metabolism is to be used as an indicator of energetic limits, then accurate 
measurement of basal metabolism of the animals in particular seasons 
need to be made. 
In this study Antechinus, like many small eutherians, were shown 
to meet the increased energy demands of reproduction primarily by 
increasing food consumption (Chapter 2). However, captive females were 
able to substantially increase their body mass through early lactation with 
little increase in energy intake. For a short period around mid-lactation 
these females reduced metabolisable energy intake and began losing body 
mass even though there was abundant food available. This coincides with 
the time that free-living females lose body mass, reduce their activity and 
spend more time with their young. The initial increase in body mass in 
early lactation with little increase in energy intake may be a reflection of 
reduction in energy expenditure in maintenance or locomotor activity. 
However, in conjunction with the behavioural changes, it is tempting to 
suggest that hormonal control may be also involved. Similar body mass 
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changes through lactation to those in Antechinus have also been observed 
in the bandicoot Isoodon macrourus (J.Merchant pers.comm..), so this 
represents a potentially exciting area of research. 
The life history traits of Antechinus allow the results from this study 
to be interpreted in the context of life history theory, which is generally not 
possible in short term studies on iteroparous mammals. There was no 
evidence that semelparous Astuartii invested more energy in 
reproduction than the iteroparous A.swainsonii. Individual iteroparous 
female A.swainsonii invested more in their final year than their first 
year, but there was no difference between their initial investment and that 
of semelparous females. There was also no clear relationship between 
weaning success and energy expenditure. Clearly, Antechinus incur 
reproductive costs that are not measured by energy expenditure alone. 
Since sample size limited exploration of data, studies of larger numbers of 
animals may shed light on other patterns of interest, such as the potential 
significance of behavioural investments in determining survival and 
weaning success of female A.swainsonii (Chapter 4). Comparative 
studies comparing populations of species with similar life histories but 
different weaning success may reveal behavioural differences which 
affect weaning success (e.g. A.fiavipes, which has relatively large litter 
sizes and weans a much larger proportion of young than A.swainsonii). 
The results from inter-site comparisons in this study (Chapter 5) show 
that environment also influences breeding success of female Antechinus. 
Further work in other characterised environments may help understand 
in what ways environment affects breeding success. Antechinus is a good 
model, because variables such as age, and previous and total reproductive 
history are easily measured. 
This work contributes useful data to the comparative discussion of 
marsupial and eutherian reproduction. Both free-living and captive 
A.swainsonii have similar total energetic investments in reproduction to 
small eutherians (Chapter 2). Another recent study has shown that 
larger marsupials and eutherians also have comparable total energy 
requirements (Cork and Dove 1989). Thus there is little support for the 
argument that reproduction is energetically more costly for marsupials 
than for eutherians. Energetic investment in reproduction is greater for 
the small mammals than larger mammals. Body size and the relative 
mass of weaned young may be a more important factor determining the 
energetic cost of reproduction than phylogeny. The comparative value of 
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the work is limited by the lack of comparable data on free-living 
eutherians. There is obviously scope for much more research on the 
energetic investments in reproduction in a range of mammals, especially 
in the wild. Most work on energy investment in lactation has been based 
on measurements of food intake in captive animals. Although this can 
highlight physiological capacities and strategies of a lactating female, it 
does not identify how the animal allocates energy expenditure between 
milk synthesis, milk export, and maintenance metabolism, and gives 
little idea of energy allocation in free-living conditions. In particular, 
research on mammals of various body sizes with both altricial and 
precocial young is needed to determine the effects of body size and 
developmental requirements of the young on energetic investment in 
reproduction. 
Measurements of energy expenditure have proved to be extremely 
valuable for comparative discussion of reproductive investments across 
species. The results on the relationship between energetic measures and 
life history traits, rather than suggesting that energy is not a useful 
currency for measurement of reproductive costs, emphasise that energy 
should not be examined in isolation from other factors such as behavioural 
investments when discussing differences in life history patterns. No 
doubt the converse is also true; behaviour and ecological factors have 
limited value without an understanding of energetics. 
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APPENDIX! 
Validation of the doubly-labelled water technique by mat.erials balance 
In this experiment the doubly-labelled water technique for 
measuring energy expenditure was compared with simultaneous 
measurements of energy intake using materials balance trials in captive, 
non-reproducing A.swainsonii females. 
Methods 
Six non-reproducing female A.swainsonii were captured in the field 
and held in captivity 4-5 weeks prior to the experiments. They were 
housed in small indoor cages under controlled temperature (21 °C) and 
natural photoperiod regime. They were fed "meatballs au Kenagy" made 
from beef mince, ground dry cat food ("cat chow", Harper's pet foods) and 
raw eggs. The composition of the diet was 53.4% water, 35.1% (w/w dry 
mass) fat and 51.1 % (w/w dry mass) protein and <0.05% carbohydrate. 
The metabolic energy requirements of the captive animals were 
measured simultaneously over 2-3 days using the doubly-labelled water 
technique and materials balance. 
Materials balance 
Females were fed fresh weighed food samples each day. The uneaten 
food and faeces were collected daily and dried (60° C). Urine samples from 
10 females were also collected. Subsamples of the dried food and faeces 
were then ground in a Wiley mill, compressed into 0.5 g pellets and 
combusted in a Gallencamp ballistic bomb calorimeter to determine 
energy content (all samples were done in triplicate). The energy content of 
the urine was also measured in this way. 
Doubly-labelled water 
Females were injected with 0.05 ml H2018 (97% enriched) and 3H20 
(70 MBq). Prior to the injection a blood sample was taken (sub-orbital 
sinus puncture) to measure background levels of isotopes. Three hours 
after the injection another blood sample was taken. A final blood sample 
was removed 2- 3 days later. The methodology for analyses of the isotopes 
is outlined in Chapter 2. 
167 
Computational Procedures 
The gross energy intake (GEI) during each feeding trial was 
calculated by multiplying the amount of dry mass food consumed by the 
mass specific energy content of the food. Dry matter assimilation CDMA) 
and energy assimilation efficiency (EAE) were calculated, using the 
following equations (Gessaman, 1972): 
DMA = dzy mass food C~) - dzy mass excreta (~) x 100 
dry mass food (g) 
EAE = GEI - ener~ in excreta x 100 
GEI 
Based on EAE, the amount of energy assimilated daily (DEA) was 
evaluated as the product of EAE and the amount of food eaten. The use of 
these calculations assumes that gut passage rate is less than 24 hours (18 
hours was reported by Cowan et al. 197 4). 
Body water pool sizes were calculated by comparing blood isotope 
levels at equlibration to standard dilutions of the injected isotopes. Isotope 
fluxes were calculated following Lifson and McClintock (1966), Nagy (1980) 
and Nagy and Costa (1980), assuming linear changes in the pool size 
reflected body mass changes. 
Energy derived from metabolism was estimated from the DLW 
calculated rate of CO2 production for each female assuming 21.5 J.ml-1 
CO2 . This factor was determined from the composition of the diet and the 
conversion factors from Nagy (1983). 
Results 
The body mass changes were relatively low (<1.5 %.day-1) and so 
females were in energy balance during the experiment. The energy 
content in the faeces was 18.8 ± 1.4 kJ.g-1 dry mass (n=18) and the average 
energy content of the food was 25 ± 2.9 kJ.g-1 dry mass (n=9). The average 
energy content of urine was only 0.03 ± 0.01 kJ.ml-1 (n=lO). Maximum 
urine produced by a female was 20-30 ml and therefore energy loss 
through urine was considered to be negligible in the total energy balance 
of the female. 
The food consumption, excretory output, apparent DMA and EAE 
are shown in Table 1. The dry matter and energy assimilation was 
similar between individual females. 
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The comparison between the two methods is shown. The DL W 
technique tended to underestimate the measured daily energy intake, but 
the two were not significantly different (Student's paired t-test, t=l.221, 
p=0.276). 
The mean difference, for all six females was - 9.91 % with a range from 
-53.0 to +13.6%. Most of this large error is due to one female (female 4) that 
had a measured energy intake 112% higher than that estimated from the 
DLW technique. If this female is excluded, the DLW underestimates energy 
expenditure by 1.3% (range, -9.8 to +13.6) 
Conclusions 
The doubly-labelled water technique measures energy expenditure to 
within 10% of the energy expenditure determined by mass balance. 
Including female 4, the range of error is slightly greater than those found 
in other studies but excluding this female, the error range is within that 
reported in other studies (Nagy 1989). 
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Table 1: Results of materials balance trials and comparison with energy expenditure measured by the doubly-labelled 
water technique in captive A.swainsonii. 
Female Mean Weighi %Wt Change/day Time GEi DMA EAE DEA DLWEnergy Ratio DLW/DEA 
(g) (days) (kJ/day) (kJ/day) 
13- 53.90 -1.24 3.00 327.68 75.39 82.31 89.91 84.55 0.940 
20 61.67 0.42 3.00 463.93 82.62 88.39 136.69 125.05 0.915 
13 57.83 0.74 1.86 217.29 83.53 82.64 96.54 93.10 0.964 
4 52.33 -1.36 3.00 495.04 96.04 97.22 160.43 75.33 0.470 
20.2 51.01 0.34 1.86 165.24 75.00 83.19 73.90 83.96 1.136 
2 59.48 -1.50 1.86 148.72 76.05 84.31 67.41 60.77 0.902 
Mean 56.04 -0.43 81.44 86.34 104.15 87.13 0.89 
±SD 4.25 1.03 8.08 5.77 36.75 21.56 0.22 
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APPENDIX2 
Validation of tritiat.ed water measurement of water intake 
The water flux of female Aswainsonii, measured by trititated water 
turnover, was compared with actual measured rates of water intake. 
Methods 
Five non-reproducing female A.swainsonii were held in captivity for 
4-5 weeks before the validation trial, in indoor cages at 21 ° C and natural 
photoperiod regime. 
They were placed into metabolism cages 1-2 days prior to the 
validation experiment. Over 3 days, food and water intake of the females 
were measured and simultaneously, tritiated water turnover was 
measured. The experiment was repeated 2 weeks later on the same 
animals. 
Water intake measurement 
Females were fed a weighed quantity of 'Luv Mince' (Harper's Pet 
Foods) in excess of requirements and fresh water was available ad 
libitum. Uneaten food was removed daily and weighed. Food 
consumption was determined by difference, and drinking was determined 
by weighing the water bottle daily, and correcting for evaporation. The 
food consisted of 30% preformed water, with a dry matter content of 16.5% 
protein and 5.0% fat. Unfortunately, the exact composition and 
assimilation of the remaining portion of the diet (mixed fibre), could not be 
ascertained. Therefore, the carbohydrate composition was assumed to be 
either 1 % (diet composition "A"), or 40% (diet compositon "B"), for 
calculation of the metabolic water production. The metabolic water 
production from the diet was calculated using the values from Nagy 
(1983). 
Tritiated water turnover 
Females were injected with 0.1 ml tritiated water (70 l\1Bq) on day 1 
of the experiment and were bled (suborbital sinus puncture) after 2-3 
hours equilibration. Three days later another blood sample was taken. 
Water was extracted from the blood by heat distillation and the level of 
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tritium activity in a 0.5 µI sample was analysed in a liquid scintillation 
counter with 3 ml of PCS cocktail. 
Results 
With diet composition A (1 % carbohydrate), the tritiated water 
technique gave similar estimates to the measured water intake (mean 
difference, -2.6 ± 8.8, range -13.0 to +5.6 ). The two measures were not 
significantly different (Student's t-test, t = -1.05, p=0.32). With diet 
composition B (40% carbohydrate), the mean difference between the two 
techniques was -6.2 ± 9.0 (range -26.0 to +7.9) and this was significantly 
different (Student's paired t-test, t = -2.26, p=0.05). 
The greatest difference between the two methods was shown by a 
single female (#42; 22-25%). If this female is excluded, the mean error in 
measures between the two techniques for diet composition A is -0.45 ± 6.68 
(range -13.0 to +9.4) and for diet composition Bis -3.98 ± 6.81 (range -16.7 to 
+7.8). 
Conclusions 
The results indicate that the tritiated water technique tends to 
underestimate (by .2 to 6 %) the water turnover of animals. This is within 
the± 8% error margin for captive animals (Nagy and Costa 1980; Nagy 
1989). 
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Table 1: Comparison of measurement of water influx in captive A.swainsonii by tritiated 
water turnover and measured dietary water intake. 
Tritiated Water Dietary Water Intake* 
Female Mean body Influx: (I) A flux (TIA) B flux (IIB) Ratio (1/IIA) Ratio (1/IIB) 
mass (g) (ml/kg/day) (ml/kg/day) (ml/kg/day) 
Trial I 
1 49.59 304 329 339 0.92 0.90 
12 53.23 280 322 336 0.87 0.83 
42 50.7 226 290 305 0.78 0.74 
66 86.53 258 257 268 1.00 0.96 
4.5 47.24 233 213 216 1.10 1.08 
Trial II 
1 47.22 411 406 421 1.01 0.98 
12 51.42 310 303 320 1.02 0.97 
42 52.63 300 284 297 1.06 1.01 
66 84.33 253 254 267 1.00 0.95 
4.5 40.73 296 302 306 0.98 0.97 
Mean 56.36 287 296 307 0.97 0.94 
±SD 15.74 53 52 54 0.09 0.10 
* includes preformed and metabolic water in diet 
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APPENDIX3 
Estimations of body composition of captiveAswainsomi 
The body composition, in terms of protein, fat and water content, of 
lactating and non-lactating, captive female A.swainsonii was measured. 
The experiments can be divided into three sections; 
(i) Body composition of captive female A.swainsonii; with the aim to 
measure the protein, fat and water composition of captive lactating and 
non-lactating females, and to determine how different phases of lactation 
affect carcass composition. 
(ii) Comparison of body water content by desiccation and isotopically 
labelled water dilution; with the aim to compare the method of 
calaculating body water content by isotopically-labelled water (3HHO and 
H2l8Q) dilution to the body water content measured by desiccation. 
(iii) The relationship between body fat and body water content; with the 
aim to examine the relationship between body w~ter content and body fat 
content. 
Methods 
Body composition 
Twelve females died during captivity; 3 around mid-lactation (50-60 
days), 4 during the latter half oflactation (60-100 days), and 5 females 
which were not lactating. After autopsies, the composition of the 
carcasses were analysed. Total dry matter content was determined by 
drying in an oven (at 60° C), until constant mass (10 days). Dried 
carcasses were ground (Wiley Mill) and subsampled for estimation of total 
nitrogen by Kjeldahl digestion and Conway microdiffusion analysis 
(Conway 1962), and total fat using carbon tetrachloride solvent and a 
Soxhlet apparatus. 
Body water content 
Seven non-lactating females were given an intra-peritoneal injection of 
0.1 ml 3HHQ (35 MBq) and 0.05 ml H2180 (97% enriched). After 3 hours a 
blood sample was taken (sub-orbital sinus puncture) and immediately the 
females were killed and dried to constant mass (60°C). The specific 
activities of the isotopes were analysed as in Chapter 2. The difference 
between fresh and dry mass was total body water content (g) and was 
expressed as a percentage of fresh mass. 
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Body water pool sizes were calculated by comparing blood isotope 
levels at equilibration to standard dilutions of the injected isotopes. The 
quantity obtained for each animal was expressed as mass (g) and as a 
percentage of fresh mass. Values are expressed as means ± SD. 
Results 
The body composition differed between the three groups of females 
(mid lactating, late lactating and non lactating); all females had relatively 
similar water and solids contents but the relative percentages of protein 
and fat varied. Absolute amounts of protein were comparable between the 
three groups but of the three groups, the females that died in mid lactation 
had the highest fat levels (Table 1). 
There was no significant difference between the body water pool size 
estimated from tritiated water dilution and 180 dilution (Paired t-test, t = -
0.494, p=0.634). There was also no difference between the pool size 
calculated by the two isotope dilutions when expressed as a percentage of 
body mass (Paired t-test, t = 0.004, p=0.997; Table 2). 
The estimates of body water pool from desiccation and tritiated water 
dilution were (expressed as percent body mass) were highly correlated 
(Fig.1; Fi,6 = 55.3, p=0.0003). The estimates from the two measures were 
significantly different ( Student's paired t-test, t = 15.86, p=0.0001) and the 
body water pool determined by HTO overestimated (13.2 ± 2.2%) the body 
water content as determined by dessication. 
Both the body water pool determined by desiccation and by HTO were 
inversely correlated with the body fat content of the female (F1,s = 23.7, 
p=0.005; F1,s = 15.2, p=0.01 respectively) (Fig.2). 
Conclusions 
The body mass difference between females at different stages of 
lactation and when they were not lactating appeared to be due to 
differences in levels of body fat and water content. 
Estimates of total body water derived from the dilution of tritiated 
water are generally higher than those measured by carcass desiccation 
(Nagy and Costa 1980), since there is some incorporation of 3H atoms into 
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organic compounds in the body. The discrepency is generally small and 
can therefore be ignored in calculating rates of water flux. 
The 13% difference in this study is higher than the 8% reported for 
Dasyurus viverrinus (Green and Eberhard 1983). Generally the body 
water pool estimated from 180 dilution is lower than that from 3H dilution 
(Nagy and Costa 1980). This was not the case in this study. 
The inverse relationship between body fat and body water shown for 
A.swainsonii females has been reported for a range of animals (Pace and 
Rathburn 1945; Panaretto 1963; Searle 1970; Hulbert and Grant 1983). 
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Figure 1: Relationship between percent body water measured by · 
desiccation and by tritiated water dilution. 
Figure 2: Relationship between percent body water and percent body fat, 
measured either by desiccation, or by tritiated water dilution. 
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Figure 1 y = -4.87 + 1.34x, r=0.95 
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Table 1 : Summary of the body composition of captive femaies in mid- and late lactation, and when not lactating. 
Percent lipid and percent protein are expressed as percent live body mass and percent dry mass. 
% Live body mass %Dry mass 
l<'emale BodyWei2"ht Dry Weight % Body Water % Body Solids Lipid Protein Lipid Protein 
Mid-Lactation (50-60 days) 
1L 61.35 31.09 49.33 50.67 30.60 16.81 60.39 33.17 
6L 82.67 31.55 61.84 38.16 22.14 11.94 58.01 31.29 
SL 71.83 38.58 46.29 53.71 32.41 14.71 60.35 27.38 
Mean 71.95 33.74 52.48 47.52 28.38 14.49 59.58 30.61 
±SD 10.66 4.20 8.24 8.24 5.48 2.44 1.36 2.95 
Late Lactation (60-100 days) 
4L 54.59 24.30 55.48 44.52 17.67 23.38 39.70 52.53 
9L 37.83 15.89 58.00 42.00 16.32 25.27 38.85 60.18 
12L 54.13 21.82 59.68 40.32 18.21 19.75 45.16 48.98 
24L 54.01 22.66 58.05 41.95 13.82 20.64 32.95 49.20 
Mean 50.14 21.17 57.80 42.20 16.51 22.26 39.17 52.72 
±SD 8.21 3.67 1.73 1.73 1.96 2.53 5.00 5.23 
Non Lactating 
1 66.83 31.62 52.68 47.32 
2 71.42 30.00 57.99 42.01 
3 29 .87 12.17 59.24 40.76 
4 53.46 23.27 56.48 43.52 
5 69.00 24.05 59.23 40.77 17.94 21.91 44.00 53.75 
6 33.31 13.14 60.56 39.44 
7 40.23 12.80 68 .19 31.81 
8 50.03 22.55 54.92 46.08 15.53 22.78 34 .44 50.53 
9 48.77 24.44 49.88 50.12 21.01 23.22 41.91 46 .33 
10 49.97 22.92 54.13 45.87 14 .93 24 .61 32.56 53.44 
11 61.41 30.42 50.46 49.64 31.68 14.81 63 .96 29.90 
12 80.64 47.23 41.43 58.67 63 .95 37.46 29.90 17.51 
Mean 53.75 24.55 55.43 44.57 27.51 24.12 41.13 41.91 
±SD 15.12 9.81 6.65 6.65 18.87 7.38 12.44 14.88 
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Table 2 : Comparison of body water pool (ml) and percent 
body water (percent of body mass) using tritium 
dilution and oxygen-18 dilution. 
Bodywater (ml) % Body wat.er 
pool 
Tritium Oxygen-18 Tritium Oxygen-18 
30.84 31.4 61.06 62.17 
33 33.67 62.84 64.12 
33.4 33.78 65.17 65.94 
38.78 39.01 54.88 55.21 
. 44.51 49.52 50.52 56.21 
33.08 30.44 68.86 63.36 
34.19 32.22 66.12 62.32 
43.78 44.47 51.15 51.95 
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